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ABSTRACT 
The Ordovician Thung Song Group, in Satun Province, southern Thailand, is a 
1,400 m thick sequence of tropical limestones, dolomites and calcareous shale ranging 
from the Upper Tremadoc to Upper Ashgill. The sequence conformably overlies the 
siliciclastic, Tarutao Group and is conformably overlain by black graptolitic shales and 
cherts with radiolarians of the Wang Tong Formation. The Ordovician-Silurian 
boundary is placed in the lower part of the Wang Tong Formation -25 m above the Pa 
Kae Formation. At least seven distinctive lithostratigraphic units have been recognized 
and are formalised here as the Malaka Formation, Talo Dang Formation, La Nga 
Formation, Pa Nan Formation, Lae Tong Formation, Rung Nok Formation, and the 
Pa Kae Formation. The Pa Kae Formation is proposed for the uppermost formation of 
the Thung Song Group. 
The Thung Song carbonates were deposited on a homoclinar ramp. 
Environments during a major marine transgression with minor eustatic fluctuation 
included large tidal flats, stromatolite reefs, lagoons, local buildup-barrier re_efs, and 
deeper water carbonates. The rocks are composed of twelve microfacies including 
stromatolites, micrite to fossiliferous micrite, biomicrite, intramicrite, poorly washed to 
unsorted biosparite, biopelsparite and pelbiosparite, pelsparite, intrasparite, flat pebble 
conglomerate, oosparite, biolithite and limestone breccia, micro- to megadolomite and 
dolomite breccia. These indicate sedimentation in a wide range of environments from 
supratidal, intertidal, subtidal to deeper-water zones. The lower portion of the 
sequence was deposited in peritidal, lagoonal and carbonate buildup environments and 
stromatolites played a major role in the sedimentation. Flat pebble conglomerates with 
algal laminite clasts, intrasparite and small-scale hummocky cross-stratification indicate 
high-energy storm events. 
The Pa Kae Formation is different from the underlying shallow water 
carbonates. It was deposited in a tropical setting, during a period of intense glaciation 
at high latitudes on Gondwanaland, as deeper water stromatolitic mounds. The rocks 
display rhythmic alternation of red stromatolitic limestones and dark red mudstones. 
The stromatolitic limestones are biomicrites with dense stromatolitic structures 
developed from flat laminites in the bottom to common columnar s,tromatolites, and 
some thrombolitic and oncolitic stromatolites on the top of each bed. They share 
several corrup.on features with the deep water stromatolites from the Canning Basin, 
Western Australia, such as fine lamination, rare or no fenestrae, and abundant pelagic 
faunas. They are different in the abundant ferromanganese micronodules, the 
iii 
occurrence of glauconitic pellets, bored calcite cements and very abundant rhombic 
spars. Based on a new proposed model developed to predict the possible 
palaeobathymetry of the carbonate rocks in tropi~al to temperate regions, the Pa Kae 
stromatolites accreted on the very distal part of the Thai Ordovician carbonate ramp at 
about 175-300 m depths and at about 15°C. Their heavy isotopic signature (-
3.1 o/ooPDB of ()18Q and +3.4%oPDB of ()13C) and their cyclic nature suggest that the 
warm and cold climates repeated themselves many times throughout the Late 
Ordovician. 
The Thung Song carbonates have undergone a long and complex diagene~c 
history incJuding early marine, early to late meteoric, and burial cementation; 
dolomitization; physical and chemical compaction; and dedolomitization. Early 
cementation within the carbonate buildups of the Rung Nok Formation and the Pa Kae 
stromatolitic mounds are much more extensive than in the peritidal carbonates of the 
Malaka Formation and La Nga Formation but it is rare in the lagoonal facies of the Talo 
Dang Formation and Lae Tong Formation. Therefore, the degree of compaction of the 
lagoonal facies is extremely high in comparison with those of the peritidal buildups and 
deeper water stromatolitic mounds. Stylolites are very abundant in the Thung Song 
Group, especially in the peritidal carbonates and play a major role in the development 
of nodular structures in the limestone and shale of the lagoonal facies and of the deeper 
water stromatolitic facies. 
Most of the dolomites in the lower formation including the Malaka Formation, 
and La Nga Formation are early diagenetic microdolomites with minor dolomite 
cement. Later diagenetic meso- to megadolomites are common in the Rung Nok 
Formation. The dolomitization of the Pa Kae Formation occurred locally throughout 
its diagenetic history but normal sea water dolomite is dominant . Jl?.e isotopic field of 
the Thung Song dolomite overlaps the marine calcite diagenetic field and extends up to 
the meteoric diagenetic field, possibly suggesting that these dolomites formed from 
marine to mixed-water dolomitizing fluids. 
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Chapter 1 
INTRODUCTION 
1 
The Ordovician carbonates of Southern Thailand are known as the Thung Song 
Group (J avanaphet, 1969) and are well exposed as an irregular and discontinuous 
north-south mountain belt in central peninsular Thailand (Fig. 1), from the Thai-Malay 
border in Satun province northward to Amphoe La Ngu, Amphoe Thung Wa, along 
both flanks of the Mesozoic granite mountain ranges between Trang-Phattalung 
provinces and Amphoe Thung Song, and both flanks of Khao Luong northward 
toward Amphoe Khanom in Nakhon Si Thamarat province. 
The Thung Song Group can be traced throughout the west and northwest of 
Thailand (Kobayashi, 1964; Bunopas, 1976, 1983; Wongwanich and Burrett, 1983). 
Similar units of the Ordovician limestone extend northward to the Shan States of 
Burma and southward to north Malaysia (Jones, 1968, 1981; Kobayashi, 1973, 1984; 
Piyasin, 1980; Wongwanich et al., 1983, 1990). 
The Thung Song Group lies conformably with gradational contact on the-red 
siliciclastics of the Tarutao Group and is sharply and conformably overlain by the 
black shales and cherts, siliciclastics and carbonates of Siluro-Devonian age, the 
Kanchanaburi Group, in Satun Province. 
1.1 General Information of the Study Area 
Because of granite intrusion during the Mesozoic, most of the rocks in the north · 
and in the area adjacent to the granite mass in the south of southern peninsular Thailand 
are strongly recrystallized and highly deformed by the extensive contact metamorphism 
so that its original features have been Jargely obscured. The rocks are also strongly 
folded (Burton, 1974; Bunopas et al., 1980) and faulted. Therefore, suitable areas for 
working on sedimentology, stratigraphy and palaeontology are areas far from the 
granite intrusions (Appendix 1,2,3). The study area, with the best development of the 
Thung Song Group, is situated in the west and northwest of Satun province, which 
has long been a prime location for studying the lower Palaeozoic rocks of South- East 
Asia (Bunopas et al., 1980; Teraoka et al., 1982; Wongwanich et al., 1990). 
The study area lies in the extreme south of Thailand in Satun province between 
lat. 6°30'00"N and 7°00'00"N and long. 99°31'44"E to 99°46'8"E, in the area of 756 
square kilometres, covered by U.S. Army Service 1:250,000 sheet NB. 47-7, 
Changwat Satun; 1:50,000, Series L 707 edition 3-RTSD, sheet 49221, Amphoe La 
Ngu, sheet 4922ID, Ko Tarutao, and sheet 4922IV, Ban Pak Bara. 
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Much of the mainland area is covered by the wide fertile coastal plain and the 
scattered rugged chain of N-S Ordovician carbonate mountains while the lower ground 
along the shoreline and the area between the mountains is cultivated for rice, coconut, 
oil palm, and rubber. Deposits of mud along estuaries, and mangrove swamps are 
exposed at low water. The drainage is good through the short tidal channel system. 
The part of Satun province under study includes most of the district of Amphoe 
La Ngu. A good system of roads runs north from Satun province through Amphoe La 
Ngu and Amphoe Thung Wa to Trang province, before connecting with the well 
developed road system of the south. The chief industries of the area are fishing and 
rubber plantations. 
Ko Tarutao, Ko Khao Y ai and other small islands are incorporated into the 
Turutao National Marine Park and Phetra National Marine Park of the Royal Thai 
Forest Department. 
The tropical climate of the region is seasonally influenced by two monsoons. 
The dry season corresponding to the northeast monsoon is during October to March 
before the wet season of the southeast monsoon during April to September. The field 
season is usually good for four months between November to February. The mean 
daily maximum temperature is 32°C and a mean daily minimum is 24°C. 
1.2 Previous Work and Literature 
The Ordovician carbonates of the study area have received international attention 
over the past three decades since the discovery of an upper Cambrian fauna in the red 
siliciclastic rocks underlying the Ordovician carbonates on Ko Tarutao was reported by 
Buravas (1957) and Kobayashi (1957). Subsequent studies before 1980, dealt mainly 
with the upper Cambrian red sandstone of the Tarutao Group on Ko Tarutao and the 
palaeontology and general geology of the study area (Kobayashi, 1958; Kobayashi and 
Hamada, 1964; Bunopas, 1974). 
Burton (1974) named the passage beds, above the Tarutao Group, and 
Ordovician carbonates the Satun Group. Between 1978 and 1980, Tansuwan and 
others undertook regional mapping of the whole area. The unpublished report of 
investigation together with a geological map of Satun Province Quadrangle (1: 
250,000) were submitted to the Geological Survey Division, Department of Mineral 
Resources of Thailand in 1982. 
Until the work of Bunopas et al. (1980), the Ordovician carbonates, lying in the 
eastern part of Ko Tarutao , were named the Thung Song Formation and separated into. 
two parts: the lower and middle parts are composed of laminated shale, limestone and 
graded up to reddish brown argillaceous limestone and stylolitic limestone. Later, 
4 
Teraoka et al. (1982), demonstrated that they range in age from lower Ordovician to 
Silurian and can be divided into five units representing platform margin to slope facies. 
Wongwanich et al., 1983, recognized at least five major lithostratigraphic 
subdivisions deposited from peritidal through lagoonal to reefal environment from the 
Ibexian to Lower Whiterockian. This interpretation was confirmed by Mason (1986) 
in general but he was able to subdivide the Ordovician carbonates on Ko Tarutao into 
eight units with the last unit representing the slope facies similar to Teraoka et al.'s 
conclusion. 
Detailed palaeontological and paleobiogeographical studies on the Thung Song 
Group have been carried out by a number of researchers in the area (Hamada et 
al.,1975; Teraoka et al., 1982; Wongwanich and Burrett, 1983; Stait et al., 1984; Stait 
and Burrett, 1984, 1987; Jell et al., 1984; Burrett and Stait, 1985, 1987; Shergold et 
al., 1988; Burrett et al., 1990). Based on conodonts and trilobites, it is clear that the 
Cambro-Ordovician boundary lies within the uppermost part of the Tarutao Group, at 
least on Ko Tarutao (Teraoka et al., 1982; Stait et al., 1984). 
Recently, Wongwanich et al. (1990) discovered and proposed the Pa Kae 
Formation for the deeper-water, red, stromatolitic limestone, containing abundant 
Upper Caradoc to Lower Ashgill trilobites, as the uppermost formation of the Thung 
Song Group. The Ordovician-Silurian boundary has been identified within the black 
carbonaceous shale, just above the lower Dalmanitina horizon within Dalmanitina beds 
of the Wang Tong Formation which lies conformably on the Pa Kae Formation and is 
overlain by the Kuan Tung Formation. 
1.3 Aims and Scope of Project 
Although the general geology, palaeontology and broad stratigraphy of the study 
area are now moderately well known, there is a lack of research dealing with carbonate 
sedimentology, especially on the detailed petrology, petrography, diagenetic and on the 
depositional aspects of these rocks. 
Therefore, the major objectives of this project are to: 
1) establish the litho-stratigraphic sequence and the terminology of the 
Ordovician carbonates of the study area, 
2) investigate the diagenetic history of the rocks, independently and collectively 
from field work, petrography and geochemical criteria, 
3) reconstrUct the depositional environments, and 
4) investigate and discuss the association of stromatolitic structures in the deeper 
water limestone, the Pa Kae Formation, in order to clarify the possibility of 
stromatolites in deeper water conditions. In contrast to other studies on 
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stromatolites, this work integrates lithostratigraphy, palaeontology, 
sedimentology, diagenesis and geochemistry of the rocks themselves to 
interpret the palaeoenvironment of the Pa Kae stromatolites. An attempt has 
been made to establish a simple conceptual model to estimate a possible 
palaeobathymetry for the deeper water stromatolites. 
/ 
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2.1 Field Methods 
Chapter2 
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Field work was carried out for four months during the field seasons in early 
1982, 1985, 1987 and 1988; using 1: 50,'oOO base maps prepared by U.S. :Army 
Topographic Command in 1978. Due to the discontinuous nature and intense tropical 
weathering, a simple continuous stratigraphic section could not be obtained. 
Therefore, many separated sections were measured by visual estimation and pacing in 
the areas of poor outcrop or steep cliffs on the islands, and occasionally by tape normal 
to strike in more detailed sections with good exposures on coastal outcrops, road 
cuttings and quarries. 
Lithology, bedding, texture,, primary and secondary structures, and fossils were 
noted in their correct vertical position in the field notebooks at a scale of about 1 or 5 m 
to 1 cm. Rocks containing dolomite were easily recognised in the field because of their 
pink to brown colour and lower effervescence after application of 10% HCl. 
More than 1500 oriented rock samples were collected, wherever significant 
changes in lithologic or fauna! properties are observed (Appendix 2,4). Many were 
also collected in the middle of units if the rocks exhibited a complex sedimentology. 
Large samples (5-7 kg) for conodont studies, were collected from the bottom, in the 
t 
middle, and top of each rock unit, but closer spaced samples were collected in the 
Ordovician-Silurian boundary interval. 
2.2 Laboratory Methods 
2.2.1 Petrographic Analysis 
All specimens were cut normal to bedding and polished in the laboratory. About 
700 small polished slabs (5 x 5 x 0.5 cm) and 800 polished thin sections were 
prepared. More than one hundred and fifty large slabs (10 x 15 x 1.5 cm) were 
polished or etched in 1 % HCl for the study of the morphology of stromatolites and 
sedimentary structure. Thin sections, and polished slabs for acetate peels were stained 
with Arizarin red-sand Potassium ferricyanide (Dickson, 1966). Peels were made 
using the cellulose acetate sheet method of Stewart and Taylor (1965). 
Polished thin section analyses were carried out under the conventional 
microscope to determine the constituents and mineral composition of the rocks, 
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cementation, dolomitization, and other diagenetic features. The petrographic 
classifications and terminology of the rocks used throughout this report are Folk's 
(1962) carbonate classification and Choquette and Pray's (1970) porosity classification 
schemes. Thin sections for palaeontological study were also examined by an optical 
projector and microfiche reader/printer. 
About 200 selected polished thin sections were examined under 
cathodoluminescence using a Nuclide ELM-2B Luminoscope. Luminoscope operating 
conditions were 12 to 15 KV beam energy and 0.6 to 0.8 mA beam current, and about 
lcm focused beam at 100 mtorr vacuum. 
In order to examine the fabric and texture of the very fine grained carbonate rocks 
which are too small to be observed by the ordinary optical microscope, the uncovered, 
etched thin sections of micrite, microdolomite, and deep water stromatolites were 
coated with carbon or gold, using an ionized spattering coater prior to SEM 
observation. Electron micrographs were taken on a Philips 505 SEM. 
Microprobe analyses of the distribution of Fe, Mn and other elements in the deep 
water limestone were perfomed on a Jeol JXA 50A electron microprobe using an 
energy dispersive system with silicate standards and ZAF corrections. An analytical 
precision of 0.2 wt% is expected using this system. 
2.2.2 Isotope and Trace Element Geochemistry 
Isotopic studies are important in order to understand carbonate deposition and 
diagenesis. Therefore, 154 individual carbonate components and whole rocks were 
separated and sampled from both stained and unstained, smooth polished slabs using a 
binocular microscope and a dental drill for oxygen and carbon stable isotopic analyses. 
The powders were further finely grounded by agate mortar. 
Powder of a fauna and non-skeletal grains, 10 marine cements, 4 spar in fenestral 
porosity, 8 later diagenetic spars, 6 spar in vein, 21 micrites, 11 red calcareous 
mudstones, 9 whole rocks, and 17 dolomites were allowed to react with 100% 
phosphoric acid at 25°C for 24 hours. Another 28 whole rock powders of dolomitic 
limestone were also allowed to react with 100% phosphoric acid at 25°C. The C02 
extracted after three hours reaction was taken as coming from calcite. Further reaction 
was allowed to proceed and C02 collected after 20 to 48 hours was taken as coming 
from dolomite. The resulting C02 from each sample was analysed for isotopic 
composition of ()13C and ()180 on a Micromass VG 602D, mass spectrophotometer. 
This sequential analysis for coexisting calcite and dolomite is based on the method 
proposed by Epstein et al.(1964) and Sheppard and Schwarcz (1970). 
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The isotopic results are presented as parts per thousand (%0) in 8-notation relative 
to the PDB (Pedee Belemite) -1 standard. The correction for 17Q was made by using 
the standard procedures proposed by Craig (1957) and Mook and Grootes (1973). 
The precision was determined by daily analysis of the calcite standards TKL-1 (Te 
Kuiti limestone No. 1) and Biggenden. 
Major and minor element (Ca, Mg, Sr, Na, Mn, Fe) analyses of 55 carbonate 
components from the Pa Kae and Lae Tong Formation were performed on a Varian 
AA6 atomic absorption spectrometer using 50 mg samples based on the method 
described by Robinson (1980). GFS401, GFS402 limestone standards were used to 
monitor the precision -of results. Minor contamination from clay minerals can be 
expected for the iron results (Robinson, 1980). The analyses for Ti, Ba, and P205 
have been done on a Siemens SR 1 automated XRF on pressed pellets. The accuracy 
and precision were monitored using a variety of international and in-house standard 
rocks. 
3.1 Introduction 
Chapter3 
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On the basis of reconnaissance geological investigation for mineral deposits along 
the west flank of the main granite mountain range in central peninsular Thailand, from 
Surat Thani Province to Satun Province in the south (Fig.l,Appendix 3), dark grey to 
black Ordovician limestones of the are~_ were named the Thung Song Limestone by 
Brown, et al. (1951). They were later upgraded to the Thung Song Group by 
Javanaphet (1969) whilst compiling the 1:1,000,000, 2nd Geological map of Thailand. 
In the following discussion of geography, the Thai words for district (amphoe), 
village (ban), hill (khao), bay (ao) and island (ko) will be used as this system is used 
on the published (Javanaphet, 1964; Tansuwan et al., 1979) and on most unpublished 
maps. 
The first broad stratigraphy of the area was given by Burton (1974) who 
recognized the presence of two separate units: the Nai Tak Formation and the Thung 
Song Formation respectively. He grouped them together under a new name: the Satun 
Group. Later Bunopas et al. (1980) took an opposing view and regarded the Thung 
Song Formation as a component of their new La Ngu Group composed of the red 
siliciclastic Tarutao Formation and the Thung Song Formation (Fig. 3.1). The 
stratigraphic status of the Thung Song is unclear and remains controversial in 
Thailand. It will be referred to here as the Thung Song Group. 
In general, the Thung Song Group in Satun Province is characterized by an 
alternating sequence of limestones, dolomitic limestones, dolomites and minor 
.,, calcareous mudstone, with a thickness of about 900-1,410 m and ranging in age from 
Middle Tremadoc to Ashgill. The group is well exposed on the eastern coast of Ko 
Tarutao, Ko Khao Y ai , and the other small islands between Ko Tarutao and Ban Pak 
Bara, extending northward to the mainland at Amphoe La Ngu and further north along 
the rugged mountain range to Amphoe Thung Wa (Fig. 1, Appendix 1). 
The Thung Song Group conformably overlies the red siliciclastic, Tarutao Group 
on Ko Tarutao (Bunopas et al., 1980; Teraoka et al., 1982; Lee, 1983; Wongwanich 
and Burrett, 1983; Mason, 1986) and is conformably overlain by a sequence of chert, 
black shale and siltstone, the Wang Tong Formation at Ban Pa Kae, 11 km north of 
Amphoe La Ngu (Wongwanich et al., 1990; Appendix 7). 
At least eight distinctive, conformable lithostratigraphic units are present in the 
Thung Song Group of the study area. The rock unit on Ko Tarutao consists of six 
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Fig. 3.3 Stratigraphic column of the Thung Song Group on Tarutao Island; Location, 
lithologic subdivision, faunal content and correlation are indicated. (Revised 
from Wongwanich et al., 1983) 
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formations which are from the base: the Malaka Formation, Talo Dang Formation, La 
Nga Formation, Pa Nan Formation, Lae Tong Formation, Rung Nok Formation. On 
the adjacent islands and on the mainland the Phetra and Pa Kae Formation are mapped 
but only the Pa Kae Formation is defined because of time constraints and the complex 
structure of the Phetra area. Furthermore, palaeontological study on the Phetra 
Formation is needed prior the stratigraphical and sedimentological consideration. 
Based on lithological and palaeontological evidence, the rocks of southern 
Thailand can be correlated confidently with the Ordovician carbonates of the lower 
Setul Limestone of the Setul Formation in west Malaysia (Jones, 1973, 1981; 
Kobayashi, 1973, 1984; Burton, 1974; Wongwanich et al., 1983, 1990; Wyatt, 1983. 
3.2 The Malaka Formation 
The Malaka Formation takes its name from Malaka Creek, the biggest creek on 
the N.W.-side of Ko Tarutao. The type section is situated on the north bank of Malaka· 
Creek forming the Tarutao National Marine Park Headquarters, at grid ref. 712, 411, 
on 1 :50,000 map sheet 4922ill, Ko Tarutao. 
The formation is well exposed along a rocky shoreline and in a small sea-cliff in 
its type area and can be traced along a strike distance of about 20 km S.E. of the type 
section passing through Ao Talo Wao to Ao Talo Dang, at the south end of Ko Tarutao 
(Fig. 3.2). The ~alaka Formation is also well exposed on the northern side of Ao 
Phante Malaka, at the base of Khao Ta Bo, east of Ao Dan, Ko Lek, Ko To Sen, Ko 
Sana, Ko Klua Lo within the Tarutao National Marine Park, and extending northwards 
to Ko Khao Y ai, west of Ban Pak Bara. 
The Malak:a Formation in its type locality consists of 30m of alternating beds of 
very thinly bedded grey argillaceous and dolomitic limestone, which is characterized 
by wavy, continuous and partly discontinuous lenticular bedding 10-100 mm thick, 
brown and grey algal lamellae, occasionally developing small stromatolitic domes, 
with abundant vertical burrows, trace fossils, and some mud cracks (Fig. 3.3, 3.4). 
' The lower portion of the Malaka Formation at the base of Khao Ta Bo and Ao 
Talo Dang, the limestone beds have sharp bases and grade up to brow~ shale layers 
but the main part of the formation is algal laminate (Fig. 3.4B). 
Algal laminations are frequently eroded into the various shapes of intraclasts. 
Small scale cross bedding and cross lamination with a scoured, truncated surface are 
present. 
Taraoka et al. (1987) reported a lm tuff layer intercalated in the basal part of their 
S 1 member. This probably lies within the section along Malaka Creek where 
volcanogenic quartz detrital grained sandstones are recognized in the lower part of the 
Fig. 3.4 A. The thinly bedded limestone of the Malaka Fonnation at type locality, Ao Phante Malaka, Ko Tarutao. 
B. The brown weathering algal laminae with abundant vertical burrows (arrow). Most of laminites (stratifonn stromatolite 
microfacies I) are wavy, partly discontinuous to continuous throughout the outcrop. 
C. Mould of worm tracks (arrow) filled by brown microdolomites on the upper. surface of limestone layers in the Malaka 
Fonnation. 
D. Mud cracks partly filled by brown microdolomites (arrow), and commonly associated with large intraclasts (arrow). 
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formation. A 450-800 mm thick bed of siliceous tuff with feldspar phenocrysts is also 
found interbedded with strati.form stromatolites irt the middle part of the Phetra 
Formation at Ko Khao Yai, west of Ban Pak Bara. 
The Malaka Formation thickens southward from the type locality, attaining a 
maximum of 410 mat Ao Talo Wao and decreasing to 150 mat Ao Talo Dang (Fig. 
3.3). The formation is faulted against the red siliciclastic Tarutao Formation along the 
north shore of Malaka Creek and at Ao Talo Dang but it conformably overlies the 
Tarutao Group at Ao Talo Wao and in the interior reaches of Malaka Creek. The 
contact between the Malaka Formation and the overlying Talo Dang Formation is a 
conformable and gradational contact at grid ref. 768, 216, east of Ao Talo Dang, and 
as the gradational contact to the La Nga Formation, without the Talo Dang Formation, 
at grid ref. 712, 412, south of Ao La Nga. 
A very similar sequence is well exposed on the south coast of Ko Khao Yai, 
about 13 km NE of the type locality and in the Langkawi Islands, NW Malaysia, 
referred to as unit A of the Lower Setul Limestone (Wongwanich, 1983; Wyatt, 1983; 
Mason, 1986). 
Palaeontology and Age 
The Malaka Formation contains a moderate abundance of fossils including 
nautiloids, gastropods, and the polyplacophoran Chelodes. Trilobite, bivalve, 
calcareous algae and echinoderm debris are observed in thin sections. Stait and Burrett 
(1984a) identified the many polyphacophoran valves from this formation as Chelodes 
whitehousei which is indicative of the Lower Ordovician. The valves occur with 
Euchasma and a conodont fauna including Scolopodus quadraplicatus and Acontiodus 
latus, suggesting a Late Tremadoc age for this assemblage. Chelodes whitehousei also 
occurs in the Ninmaroo Formation in western Queensland (Stait and Burrett, 1984a). 
Stait and Burrett (1984b) also identified the orthoconic nautiloids within the lowest 
formation of the Thung Song Group on Ko Tarutao as Endoceratidae gen. et sp. indet, 
indicating a Late Ibexian age (Late Tremadoc ). 
3.3 The Talo Dang Formation 
The Talo Dang Formation is named after Ao Talo Dang, situated at the southern 
end of Ko Tarutao. The type section is on the small bay, east of Ao Talo Dang, 
between grid ref. 767,216 to 769,216, on 1:50,000 map sheet 4922III, Ko Tarutao. 
The area contains the bulk of the outcrop area of the Malaka Formation and Talo Dang 
Formation (Fig. 3.2). 
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The Talo Dang Formation can be mapped for a strike distance of about 18 km 
along the east coast of Ko Tarutao from the type locality extending northwards to Ao 
Talo Wao and further northwestwards across the island to Malaka Creek. The total 
thickness of this formation is 130 mat the type section and becomes gradually thinner 
to about 80 m at Ao Bin La, on the opposite coast of the Ko Sa Na, and it pinches out 
at Malaka Creek (Fig. 3.2, 3.3). The gradational contact of the Talo Dang Formation ' 
and the Malaka Formation below occurs over a 5-lOm interval (Mason, 1986). It is 
overlain by the La Nga Formation and may in part be a lateral equivalent of it (Fig. 
3.3). 
The Talo Dang Formation consists, principally, of the very thinly bedded (10-50 
mm) of grey to pink, continuous to discontinuous nodular limestone .interbedded with 
green, greyish green and red weathering calcareous shale. The lower part begins with 
6m brown, massively to thickly bedded, fine grained, brownish gray, feldspathic 
sandstone and siliceous tuff with tabular cross bedding and channel structure before 
abruptly changing to the thick sequence of the nodular limestone and calcareous shale ,!~ 
(Fig. 3.5A,B). 
The upper part, the main part, consists of alternating cycles of lime-rich nodular 
limestone layers and darker greenish grey to red weathering calcareous shale, layers, 
with the limestone increasing upwards. Each cycle starts from the calcareous shale 
dominated horizons with sparse isolated, irregular to elongate-lenticular limestone 
nodules and develops upward into strata-bound nodules in the middle and up to the 
continuous irregular or lenticular limestone beds with minor calcareous shale parting at 
the top. At least 6 cycles are observed at the type section, with the average thickness 
of a cycle about 2- lOm. The upper 30m at the top of the sequence is strongly 
deformed and has developed strong cleavage. The secondary quartz is occasionally 
replaced at the rim of some limestone nodules in this part (Fig. 3.5D). 
The limestone exhibits I!licritic texture or occurs as calcisiltite at the base and" 
gradually transforms to coarser calcarenite with abundant fossil fragments and mainly 
horizontal burrows at the top of the cycle. Some cycles in the middle part of the 
sequence display a cross lamination in the limestone layers and are well laminated in 
the interbedded shale. The faunas are well preserved in the irregular or lenticular 
limestones at the top of the sequence but are rare in the lower limestone nodules and 
absent in calcareous shales. 
This formation has been correlated with the upper part of the member A of the 
Lower S~tul Limestone (Wongwanich et al., 1983; Wyatt, 1983) in the Langkawi 
Islands, N.W. Malaysia. 
Palaeontology and Age 
Fig. 3.5 A. Nodular limestones interbedded with green calcareous shales. Note the generally periodical development of limestone nodules 
from isolated nodules (1) at the base to strata-bound (2) and irregular or lenticular beds (3) on the top of cycles. 
B. Thickly bedded to massively feldsparthic sandstones with tabular cross-bedding and scour bases (arrow) in lower portion of 
the Talo Dang Formation. 
C. Relatively uncompacted, isolated and strata-bound nodules in laminated calcareous shale. Note the deflection of lamination 
(arrow) around nodule and the breakage of nodules in upper layers. 
D. The replacement of quartz at the rims of lenticular limestones (arrow) interbedded with gray shales on the top of the Talo Dang 
Formation. 
( 
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Fossils of the Talo Dang Formation are rare and restricted to a few horizons in 
the type section. Orthoconic nautiloids and Che/odes are found in the lower part of the 
formation. The small brachiopods, Chelodes, trilobite fragments and straight nautiloids 
occur at the 25m and 30m horizons above the base of the formation. Distinctive curved 
and 30cm long straight nautiloids also occur on the north side of Ao Talo Dabu, 4.7km 
north of the type section. 
Based on the occurrence of Che/odes and orthoconic nautiloids in the Talo Dang 
Formation, the age of this rock unit is probably Late Tremadoc (Stait and Burrett, 
1984a,b). 
3.4 The La Nga Formation 
The La Nga Formation takes its name from Ao La Nga, north of Malaka Creek, 
west of Ko Tarutao, where the distinctive primary features of this formation have been 
clearly developed. The type section is in a small cliff on the south side of the bay, at 
grid ref. 213,413 on 1:50,000 map sheet 4922II, Ko Tarutao (Fig. 3.2). 
The formation can be traced for 21 km southeastward to the east coast at Ao Talo 
Wao, and further south to Ao Talo Dabo. The total thickness of the formation at the 
type section is 75 m and it gradually becomes thicker to the east where it is 170 m thick 
at Ao Talo Dabo. The formation is also exposed at the south end of Ao Talo Malaka. 
The La Nga Formation is conformably overlain by the Pa Nan Formation throughout 
the east coast (Fig. 3.2) with an abrupt and sometimes scoured contact. 
The La Nga Formation is composed of two conformable members: the lower 
member and the upper member (Fig. 3.3). 
The lower member is a 27 m thick sequence of thick to massive cross-bedded and 
channelled grey dolosiltite and calcarenite. A complex network of trough and minor 
planar, cross-bedding occur in lenticular sets that vary in thickness·from 150-400 mm 
with an average of 200 mm (Fig. 3.6A,B). Cross-bedding is bi-modal. This 
formation at Ao Talo Wao contains well developed but smaller scale (100-200 mm) 
herring-bone cross bedding with spectacular channel within channel structure (Fig. 
3.6C). 
The lower surface of each set of festoon cross bedding is disconformable and 
probably represents channel scour. Reactivation surfaces, minor lag deposits, 
horizontal, vertical and u-shaped burrows are common. In general, the trough cross-
bedding at the type section displays an upward decr~ase in cross-bed scale from 
decimetre at the bottom to centimetre at th~ top of the unit with a gradation al change to 
planar cross bedding prior to normal bedding. The black weathering, very thin 
Fig. '3.6 A. Thickly bedded to massive limestones in the lower portion of the La Nga Formation gradually grade up to thinly bedded 
limestones on the top of the sequence. 
B. Trough cross-stratification in massive beds with a scour base (1) and reactivation surface (2). The cross-stratification changes to 
normal lamination on the upper part of lower member. 
C. Channel within channel structures at Ao Talo Wao. Note the gray massive limestone (hammer) with abundant fossils cut 
through cross-bedded limestone. 
D. Small-scale shallowing-upward sequence begins with massive limestone (1) to thick bedded and thin bedded on top of a cycle. 
Note the stromatolite laminites developed along cross lamination (2,3). 
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carbonaceous dolomitic layers along the foresets also decrease upwards. This complex 
trough cross-bedded unit grades up to the upper member. 
The upper member is a 48m thick sequence of small scale shallowing and fining-
upward sequences that vary in thickness from 10-25m. The sequence occurs three 
times at the type section. The basal unit of the sequence is massively bedded (1-3m), 
medium to coarse grey calcarenite and abruptly changes to the thickly bedded (0.3-lm) 
fine calcarenite with occasional planar cross-bedding and vertical and horizontal 
burrows (Fig. 3.6D). Some cycles further grade up to thinly bedded calcarenite (200-
600 mm) with tabular cross bedding and to algal laminae at the top. The flat pebble 
conglomerate, mud cracks, wavy stromatolites (small domes), and extensive vertical 
burrows are present in the upper part of the sequence. 
The similar shailowing upward sequence is well exposed at the south side of 
Khao Ngiap, 11 km north of Amphoe La Ngu. It can be also correlated with the upper 
part of the unit B of the Lower Setul Limestone on the ~angkawi Island (W ongwanich 
et al., 1983; Wyatt, 1983). 
Palaeontology and Age 
The fauna! assemblage of the La Nga Formation includes gastropods, orthoconic 
r 
nautiloids, polyplacophorans (Che/odes) andNuia. Bivalve, echinoderm and trilobite 
debris are observed in thin sections. The silicified gastropods from Ao Talo Dabu 
were identified by Kobayashi (1959, 1984) as Sinuitopsis cf. kochiriensis Kobayashi 
(1934) which he took to indicate the Llandeilo. However, Jell et al. (1984) identified 
the same gastropods from Ao Bin La, about lOkm north of Kobayashi's locality 28, as 
Peelerophon oehlerti (Bergeron) indicating the Tremadoc-Arenig. The age of the 
associated conodonts is Early Arenig (Burrett, personal communication). 
3.5 The Pa Nan Formation 
The Pa Nan Formation is named after Ko Pa Nan, situated at the south end of Ko 
Tarutao. The type section is at the south bay of Ko Pa Nan, grid ref. 770,203 on 1: 
50,000 map sheet 4922II, Ko Tarutao (Fig. 3.2). , 
This formation can be traced for 26 km along strike, northwards from the type 
locality along the whole of the east coast of Ko Tarutao (Fig. 3.2).'~The total thickness 
at the type section is 50 m. Mason (1986) suggested that it gradually increases to 210 
m to the north, between grid ref. 442,720 and grid ref. 439,725 southeast of Laem 
Tanyong Mara. The Pa Nan Formation conformably overlies the La Nga Formation 
and is overlain by the Lae Tong Forma~on. 
I, 
Fig. 3.7 A. Thinly, wavy bedded stromatolitic limestone, the Pa Nan Formation at the 
Ko Pa Nan, the type locality of this rock unit. 
B. The dense LLH-C columnar stroµiatolites with branching digitate 
morphology (arrow) giving a wavy appearance to the bedding. 
C. The concentric stromatolite he;:ids on the upper surface of bedding at Ao 
Dan, Ko Tarutao. 
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Teraoka et al. (1982) described the presence of Ophiomorpha-like burrows, with 
a diameter of 300-600 mm, within the upper part of their S3 member. These are 
stromatolites (Wongwanich and Burrett, 1983; Wongwanich et al., 1983; Mason, 
1986) and are the major component of the formation and occur throughout the unit. 
The small scale decimetre-sized columnar stromatolites give a characteristic wavy 
appearance to the bedding that can be observed at a considerable distance (Fig. 3.7 A). 
The most abundant form of the stromatolites in the Pa Nan Formation is the 
elongated, moderate branching, furcate columnar stromatolites. The branching digitate 
stromatolites (LLH-C) occur at only two localities at Ao Dan and Ko Pa Nan, at the 
southend of Ko Tarutao (Fig. 3.2; 3.7B,C). The elongation of the stromatolitic 
columns on the upper surface of bedding is varied from place to place. At the type 
section, they often align at 270°-90°, 35°-125° and 65° -295°, on the NE coast of Ko 
Tarutao the columns are aligned in 140°-30° and 20°-210° directions. The major 
alignment is in an E-W direction with the minor one NE-SW (Wongwanich et al., 
1983; Mason, 1986) and NW-SE. 
The Pa Nan i:ormation typically consists of dolomitic calcisiltite and dark grey 
micrite. The dolomites give outcrops their distinctive bright yellowish brown vertical 
stripes. At 5 m below the top of the sequence at the type section, the stromatolitic 
limestone is intercalated with 3 m of thin lenticular bedded limestone (150-300 mm 
thick). The rock is a flat pebble conglomerate, grey coarse grain calcarenite, and dark 
grey dolosiltite laminae. Bi-modal trough cross laminations and channel scour are 
common and the depositional environment is interpreted as a channel deposit. 
Palae_ontology and Age 
Fossils of the Pa Nan Formation are moderately abundant. The small sponges 
( <30 mm diameter), orthoconic nautiloids, gastropods, Chelodes valves, and trilobites 
may be seen between the stromatolite columns. The dolomitised u-shape and straight 
vertical burrows are common but horizontal burrows are restricted to the channel 
facies. Based on the stratigraphic position of th~ Pa Nan Formation, the age of this 
unit is probably Early Arenig. 
3.6 The Lae Tong Formation 
The Lae Tong Formation is named after Ko Lae Tong, immediately south of Ko 
Tarutao where the sequence shows a good vertical development of strata. The type 
section is on the west coast of the island, between grid ref. 775,205 to 776,203 on 1: 
50,000 topographic map sheet 4922II, Ko Tarutao. 
Fig. 3.8 A. Brown weathering, gray, thin bedded limestones interbedded with dark gray carbonaceous shale in the lower member of the 
Lae Tong Formation. Limestone beds have irregular nodules and lenticular bedding with erosional bed bases. 
B. Red nodular limestones of the upper member are characterized by red and green calcareous shale containing nodules of buff to 
gray limestone. 
' ; 
C. The oblique view of interference ripple marks on hummocky cross-stratified bedding (B) in the lower member of the Lae Tong 
Formation at Ao Ton Pung. 
D. Alternation of thinly bedded, brown weathering gray limestones with gray 
carbonaceous shale parting. Limestone beds show cross-lamination resembling small-scale hummocky stratification with 
. ' 
erosional bases (arrow). 
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The formation in type section, is well exposed as a rocky shoreline and as a steep 
sea cliff. It can be traced as discontinuous outcrops for 22 km along the chain of small 
islands, east of Ko Tarutao, from Ko Lae Tong to Ko Laen in tP,e north. The Lae 
Tong Formation is also exposed on Ko Tarutao at Ao Rusi on the east coast and at Ao 
Ton Pung, Ao Makha~ on the west (Fig. 3.2). The Lae Tong Forma~ion ranges in 
thickness from 112 m at the type section to 40m at Ko Laen and about 100-120 m at 
the steep sea-cliff at Ao Ton Pung, about 3 km north of Malaka Creek. The lower 
contact of the Lae Tong Formation with the Pa Nan Formation is obscured but is 
probably gradational and conformable. The upper contact with the overlying Rung 
Nok Formation is clearly gradational and conformable (Fig. 3.3). 
The argillaceous-rich sequence of the 1:-ae Tong Formation consists of two 
distinctive ~onformable members: the thin-bedded limestone-shale member ·and the 
nodular limestone member respectively. 
:rhe lower member is_.35 m thick and consists of the very thinly bedded (10-30 
mm) limestone-shale alternations (Fig. 3.8). The limestone layer is brown weathering, 
grey~ slightly argillaceous calcarenite, calcisiltite, and minor calcirudite and calcilutite. 
Bed geometries include small irregular nodules, lenses and wedges at the type section, 
with cross laminations and ripple beds at Ko Laen, but are dominated by irregularly 
bedded, continuous limestone sheets. Some layers are coarser near the base and 
display thin lags of shell debris (Fig. 3.8). Bed'bases are often erosional and become 
ripple surfaces at the top (Fig. 3.8A,C). At Ao Ton Pung, bedding is more regular 
and lenticular with better continuity sharp bases, and an abundance of interference 
ripple marks and cross laminations resembling small-scale hummocky stratification in 
the dominant calcilutite texture. Dark grey calcareous-carbonaceous shale partings are 
laminated and fissile with more pyritic nodules and very rare skeletal debris. Only the 
coarse grained limestone contains, abundant small fossil fragments including 
gastropods, echinoderms, trilobites, brachiopods and nautiloids. The burrows are 
both vertical and horizontal but mostly random and branching. This unit is gradational 
to the nodular limestone member. 
The upper member is 77 m thick and consists of very thin-bedded (10-30 mm), 
grey, irregular, discontinuous to continuous nodular limestone interbedded with the 
red weathering greenish grey shalejFig. 3.8B), resembling the Talo Dang Formation 
but without an alternating cycle. The sequence begins with calcareous shale dominated 
horizons having sparse isolated and irregular to elongated micritic limestone nodules 
which develop upwards to fast stratabound nodules and then to closely spaced nodular 
or continuous lenticular limestone layers having minor calcareous shale partings at the 
top. 
',· 
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No burrows or other distinctive primary structures have been observed at the type 
section. In thin sections and polished slabs, the shale partings display dewatering 
lamination. 
Synaeresis cracks or probable mud-cracks associated with very thin calcite 
pseudomorphs after gypsum layers occur at Ao Makham. Pyrite nodules are common. 
The fossil fragments, including trilobites, brachiopods, bryozoans, and 
echinoderms are sparse and restricted to limestone nodules. The distinctive fossils of 
the Lae Tong Formation are abundant orthoconic, cyrtoconic and gyroconic nautiloids 
and receptaculitids. 
Palaeontology and Age 
Teraoka et al. (1982) identified several conodonts from the upper member of this 
Formation. Tre conodonts include Drepanodus basiovalis, Drepanodus forceps, 
Paroistodus parallelus, Baltoniodus oepiki and Prioniodus evae communis, suggesting 
a Middle Arenig age (Teraoka et al., 1982). 
Stait and Burrett (1984) identified the nautiloids from the upper member of the 
Lae Tong Formation as Hardmanoceras chrysanthimum associated with conodonts of 
the Prioniodus evae zone of probable Middle Arenig age and correlated this with the 
same fauna in the Middle Arenig Emanuel Formation of Western Australia and in the 
probable Middle Arenig of North China. 
3.7 The Rung Nok Formation 
The Rung Nok Formation takes its name from the Rung Nok (swallow) cave, 
within the third member of this formation, on Ko Lae Tong, SE of Ko Tarutao. The 
type section is along the steep sea cliff and beach in the small bay south-side .of Ko Lae 
Tong, between grid ref. 776,203 and 7825,2065 on 1:50,000 topographic map sheet 
4922II, Ko Tarutao (Fig. 3.2). 
The Rung Nok Formation consists of over 368 m of the fossiliferous thinly to 
thickly and massively bedded limestones, dolomitic limestones _and dolomites, and 
overlies the Lae Tong Formation conformably (Fig. 3.9A). The upper boundary does 
not crop out anywhere on Ko Tarutao or Ko Lae Tong but the formation is thought to 
~,, 
be conformably overlain by the younger Ordovician carbonates on mainland Satun 
Province. The rock is well exposed at Ko Lae Tong, Ko Sing Ha and Ko Laen in the 
north. Teraoka et al. (1982) reported the existence of this formation at the south side 
of Ao Makham, west of Ko Tarutao where the rock is highly deformed by extensive 
faulting. The Rung Nok Formation corresponds to the unit D of the Lower Setul 
Fig. 3.9 A. Thinly well-bedded limestones of the Rung Nok Formation, Member 1, lie conformably lies on the red nodular limestones 
(arrow) at Ko Lae Tong. 
B. Thinly well-bedded dolomitic limestones and dolomites of member 4 are conformably overlie (arrow) massively bedded 
limestones of member 3 at Ao Rung N ok, Ko Lae Tong. 
C. Thinly bedded limestone of the second member of the Rung Nok Formation. Note stylolitic (Black) bedding seams. 
D. Faulted thickly bedded, gray oolitic limestones of possibly the La Nga Formation overlie massive dolomite (arrow) at Ko Laen. 
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Limestone in the Langkawi Islands, NW Malaysia (Wongwanich et al., 1983; Wyatt, 
1983). 
The Rung Nok Formation consists of four members. The lowest, member 1 
consists of 45 in of well, very thinly bedded limestone (10_-30 inm), light. grey to white 
crinoidal calcarenite or biosparite (Fig. 3.9A). Bedding becomes slightly thicker 
upward (20-40 mm) with abun~a~t sponges, receptaculatids and brachiopods. 
Member 2 consists of 70 m of grey and pink, thinly bedded limestone (30:..100 
mm) and dolomitic limestone with Qrachiopods, bryozoans and Crinoids (Fig. 3.9C). 
Member 3 consists of 158 m of grey, thinly to massively bedded calcarenite and 
calcisiltite (Fig.3.9B) with abundant in situ laminar and high domical stromatoporoids, 
brachiopods, primitive tabulate corals, conical sponges, bryozoans, trilobites and 
echinoderm debris. The rock usually displays small channels filled with sparry calcite. 
Member 4 consists of 105 m of grey to pink, well-bedded (50-150 mm) and 
massively bedded dolocalcarenite with pseudo-dolomite breccia at the bottom and in 
. the middle of the sequence. The faunal. assemblage includes crinoiq·~. nautiloids, 
brachiopods and sponges. Fossil content decreases upward with increasing 
dolomitization. 
At Ko Laen, the rock of the second member is thickly bedded (300- 800 mm), 
grey oocalcarenite and coarse grained, pink dolomite. 
Palaeontology and Age 
Teraoka et al. (1982) identified the conodonts from the first member as 
Prioniodus navis, Prionioidus evae communis, Drepanoistodus forceps, Baltonioidus 
triangularis and Acodus longibasis, suggesting the Early to Middle Arenig. 
Based on the stratigraphic position and fauna, the most probable age range of the 
Rung Nok Formation is Middle to Late Arenig. 
" 
3.8 The Pa Kae Formation 
Wongwanich et al. (in press) have proposed the Pa Kae Formation for the 
uppermost formation of the Thung Song Group in central peninsular Thailand. The 
type section is the small hill, about 0.3-0.7 km east of km 10.6 of the La Ngu-Thung 
Wa road, between grid ref. 8583,7122-8592,7085 on 1:50,000 map sheet 49221, 
Amphoe Langu (Fig. 3.10). In the type area, the Pa Kae Formation is well exposed 
on the three small hills on the east side of the main road between Ban Wang Tong and 
Ban Pa Kae. It has been traced along a strike distance for about 2 km, northeast and 
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Fig. 3.11 Composite stratigraphic column of Upper Ordovician-Devonian rocks. 1) 
Thin bedded limestone, 2) Massive to thick bedded limestone, 3) Thin 
bedded limestone with chert nodules, 4) Thin bedded limestone interbedded 
with laminated limestone, 5) Red stromatolitic limestone, 6) Thin bedded 
limestone with finning-upward sequence, 7) Argillaceous limestone to 
decalcified shale, 8) Chert and black shale, 9) Black shale, 10) Brown, 
gray and red shale, 11) Siltstone, 12) Sandstone with in part well rounded 
pebbles. 
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southeast of the type section in this area. It is also well exposed at Khao Ao Nun, 16 
km south of the type section. 
The Pa Kae Formation is composed of 66 m of alternating beds of very thinly 
bedded (100-150 mm), red stromatolitic limestone and red silty mudstone with minor 
thrombolitic an~ rare oncolitic limestone. The unit is characterised by wavy bedding 
along stromatolite biostromes or bioherms, by phacoidal texture and by stromatolitic . 
polygons on the upper bedding surfaces. The thickness increases considerably 
southward to 126 m at Khao Ao Nun. Part of the Pa Kae Formation is faulted against 
the typical Thung Song Group, grey dolomitic limestone and limestone at the south 
end of Khao Ngiap, but it conformably overlies the thinly bedded limestone with the 
orthoconic nautiloids at the small limestone quarry at km post 11. The upper contact 
between the Pa Kae Formation and the overlying chert, black shale and siltstone 
alternation of the Wang Tong Formation is conformable and extremely sharp (Fig. 
3.11). 
The Pa Kae Forma~ion can be subdivided into ~ower and upper members (Fig.· 
3.11). The lower member is 34 m of poorly laminated to very thinly bedded (10-50 
mm) red stromatolitic limestone with dark red calcareous silty mudstone partings. It 
appears more massive than the upper member (Fig. 3.12A) and contains a large 
amount of crinoid debris. But the stromatolitic polygons (Fig. 3.12C) are smaller 
than in the upper member. 
The 32 m thick upper member is distinguished by an increasing predominance of 
stromatolitic limestone with layers about 50-250 mm thick and a decreasing number of 
silty argillaceous layers. The dark red polygonal concentr~tion of ferruginous-
argillaceous material is clearly preserved on bedding planes. The fauna includes a 
number of small well preserved deep-water trilobites, orthoconic nautiloids, 
gastropods, brachiopods (F oliomena ), ostracods, calcispheres and echinoderms. 
The dark red iron concretions enclosing intraclasts and bioclasts are common in 
both members. At the rear of the black shale quarry close to the type section, the thin 
bedded limestone on the top of the sequence gradually changes to grey limestone with 
abundant pyrite nodules. 
A similar lithology to the Pa Kae Formation extends as far as Ban Na, Na Born 
District, Nakhon Si Thammarat Province, 140 km north of the type area where 12m of 
stromatolitic limestone with orthoconic nautiloids is well exposed in the Klong Rung 
Giad, grid ref. 734,236, map sheet 4925IV. A very similar sequence is exposed on 
the northwest coast of Pulau Langgon, Langkawi Islands, NW Malaysia (Jones, 1968; 
Igo and Koike, 1967; Wongwanich et al., 1983; Wyatt, 1983). The approximately 
coeval Linwe Formation of the Pindaya Group in the southern Shan States and the 
Fig. 3.12 A. Thin bedded, red stromatolitic limestones interbedded with dark red calcareous silty mudstone in the lower member of the Pa 
Kae Formation. 
B . Red stromatolitic limestones with calcareous silty mudstone parting of the upper member showing thinly and wavy bedding, 
and small stromatolitic columns (arrow). 
C. Typical stromatolitic polygons on the upper surface of red stromatolitic bedding within the Pa Kae Formation. 
D. A polished slab of red stromatolitic limestone showing the development of stromato~ites from stratiform stromatolites at the 
base to LLH-C columnar stromatolites on the top of bedding. Red intraclasts (arrow) are common. 
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Fig. 3.13 General stratigraphic column of the Pa Kae Formation and Wang Tong 
Formation showing important faunal elements. A probable position of the 
Ordovician-Silurian boundary is shown. 
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Nyaungbaw Formation of the Naungkangi Group in the Northern Shan State of Burma 
also contain sequences of purple phacoidal limestones (Wolf art et al., 1984). 
Palaeontology and Age 
R.A. Fortey (personal communication) has identified a dominantly pelagic 
trilobite fauna from the upper horizons of the type section including species of 
Ovalocephalus, Orthorhachis, Nileus, ?Amphytrion, and cyclopygidae which are 
indicative of the Late Ordovician, ranging from the Late Caradoc to Early Ashgill. 
3.9 The Ordovician-Silurian Boundary 
No attempts have been made to define the Ordovician-Silurian boundary in 
Thailand before this work (Wongwanich et al., 1990). Traditionally this boundary is 
placed between the gray to dark gray Thung Song carbonates and the black shales 
interbedded with cherts. The discovery of the red stromatolitic limestones of the Pa 
Kae Formation, and the Damanitina beds within the Wang Tong Formation in 1985 
provided an excellent opportunity to identify that boundary in southern peninsular 
Thailand (Wongwanich et al., 1990). 
Based on trilobites, and graptolites (which were identified by R.B. Rickards, 
personal communication) including Glyptograptus persculptus, Glyptograptus exgr. 
persculptus (small form), Parakidograptus acuminatus, Climacograptus medius, 
Climacograptus normalis, Pseudoclimacograptus sp., and Climacograptus modestus 
the Ordovician-Silurian boundary is placed at the base of the acuminatus Biozone and 
above the persculptus Biozone within the lower portion of the Wang Tong Formation 
(Fig. 3.13). This is just above the lower Dalmanitina beds (Wongwanich et al., 1990) 
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PETROGRAPHY AND MICROFACIES ANALYSIS 
4.1 General Petrography 
4.1.1 Mineral Composition 
The major minerals of the Thung Song Group are calcite and dolomite while 
clay, quartz, feldspar, iron-minerals and organic matter comprise the subordinate 
components. The distinction between dolomite and calcite is mostly on the bases of 1) 
usually euhedral microrhombs, well defined rhombohedral cleavage, and 2) staining 
techniques (Dickson, 1966). 
Calcite: Calcite, the major mineral component, occurs as microcrystalline calci'te 
(micrite), sparry calcite, skeletal and non-skeletal varieties. Microcrystalline calcite, 
with or without sparry calcite within primary and secondary porosities, is extensive in 
the Malaka Formation, Talo Dang Formation, La Nga Formation, Pa Nan Formation, 
Lae Tong Formation, and Pa Kae Formation (Fig. 4.1 - 4.4B). In contrast, the Rung 
Nok Formation contains abundant sparry calcite as cementing material, with minor 
microcrystalline calcite forming envelopes or pore filling (Fig. 4.4B-4.7). Calcite 
veinlets and calcite pseudomorphs after gypsum (Fig. 4.5) are widely distributed in 
most of the lower formations. 
Dolomite: Dolomite commonly occurs as 1) brown microdolomite, interlaminated or 
interbedded with micrite or other microfacies in the Malaka Formation, La Nga 
Formation, Pa Nan Formation and Lae Tong Formation (Fig. 3.4B, 3.12C), 2) brown 
microdolomite along stylolites, 3) microdolomite with or without iron zonation in 
worm burrows (Fig. 3.4D, 4.lA), 4) very fine brown dolomicrite associated with 
calcite pseudomorphs after gypsum in the upper member of the Lae Tong Formation 
(Fig. 4.9A), 5) large dolomite crystals, replacing micrite, span:y calcite and allochems 
(Fig. 4.9C), 6) saddle dolomite in large voids or veins, and 7) dolomite cement. 
Quartz: This mineral is normally present as very small detrital grains (20-120 mm), 
especially in the Malaka Formation, La Nga Formation and in the lower member of the 
Lae Tong Formation (Fig. 4.3). Both authigenic quartz (19-70 µm) and silica 
_ replacement have been observed in the Pa Nan Formation, Talo Dang Formation, Lae 
Tong Formation and Phetra Formation. 
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Feldspar: Although detrital feldspar occurs only rarely in the lower formations of the 
Thung Song Group, it is abundant as detrital and authigenic minerals (albite, 80-120 
µm) in some layers of the Lae Tong Formation 
Iron Minerals: Within the Thung Song Group iron-bearing minerals occur 1) as a 
finely divided iron-oxide "Zonal rim" around some dolomite rhombs, especia~ly the 
micro to mesodolomite in burrows as well as the saddle dolomite which infills large 
voids and veins, 2) as finely divided herriatite grains within the Pa Kae Formation, 3) 
as ferromanganese micronodules or concretional layers enclosing intraclasts and 
bioclasts in the Pa Kae Formation (Fig. 4.2B), 4) as intergranular cement in the La 
Nga Formation (Fig. 4.5A), 5) as insoluble residue along stylolite zones, and 6) as 
single crystals (20-1500 µm) and/or spherulitic pyrite (5-15 mm) in the Malaka 
Formation, La Nga Formation, and especially the Lae Tong Formation. 
Clay Minerals: In thin section, it is difficult to discriminate the clay minerals from 
either carbonaceous matter or very fine lime mud. However, the occurrence of clay 
minerals can be ascertained by the presence of 1) an extremely fine matrix (<4µ), and 
·2) widely disseminated p~smatic mica- like minerals in argillaceous layers. The first 
category has been foq.nd in the Malaka Formation, while the latter is observed in 
argillaceous layers of the Lae Tong Formation,Talo Dang Formation and the Pa Kae 
Formation. 
Carbonaceous Matter: Similar to the clay minerals, this material is difficult to 
distinguish because of its lack of structure and very fine grain size. Recognition of 
carbonaceous matter is therefore based on its very dark colour and fine grain size 
associated with other recognized fabric including cryptalgal laminae (Fig. 4.ID). Large 
amounts of carbonaceous matter have been observed infilling some burrows as well as 
within algal laminations in the Malaka Formation, La Nga Formation, Pa Nan 
Formation and Lae Tong Formation. 
4.1.2 Cement 
The cementing material of the Thung Song Group is usually composed of calcite, 
dolomite, and rare iron oxide. Occasionally, the cement also includes micrite. 
Calcite normally forms an equant and blocky mosaic cement. Fibrous and 
radiaxial fibrous cement are only abundant in the coarse grained biosparite of the Rung 
Nok Formation and the oosparite microfacies of the Malaka Formation and the La Nga 
... 
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Formation. Uneven drusy fibrous cement has precipitated initially within the rims of 
pore spaces in between particles, after floored interstices, followed by the inward 
growth of equant and/or blocky cement towards the centre of the pores. Some 
bioclasts, especially crinoid fragments are rimmed by syntaxial calcite cement. 
4.2 Microfacies Analyses 
Twelve microfacies have been recognised: 1) stromatolites, 2) micrite and 
fossiliferous micrite, 3) biomicrite, 4) intramicrite, 5) poorly washed to unsorted 
biosparite, 6) biopelsparite and pelbiosparite, 7) pelsparite, 8) intrasparite, 9) flat 
pebble conglomerate, lO) oosparite, 11) biolithite and limestone breccia, and 12) 
·dolosparite, dolomicrite and dolomite breccia. The dismicrite microfacies is 
incorporated into the stromatolitic microfacies because of the usual occurrence of 
dismicrite along stromatolitic laminae. 
4.2.1 Microfacies I - Stromatolites 
Stromatolites are la~nated organosedimentary structures built by the trapping 
and binding of sediment, and/or carbonate-precipitating activity of microbial 
communities (Kalkowsky, 1908; Buick et al., 1981; Krumbein, 1983; Kennard and 
James, 1987). These structures are prominent in several formation of the Thung Song 
Group within the study area. Two principal types of stromatolites are recognized: 
stratiform stromatolites and columnar stromatolites (Fig. 3.4B, 3.7, 3.12). The 
stratiform stromatolites, cryptalgal laminites or algal laminites (Logan et al., 1964; 
Aitken, 1967; Hofmann, 1969; Walter, 1976) are most common and widespread in 
the Malaka Formation and the La Nga Formation whereas the columnar stromatolites 
are the major c~inponent of the Pa Nan Formation and the Pa Kae Formation. 
Thrombolitic stromatolites, oncolitic stromatolites and oncolites (Fig. 4.2A, C) are less 
abundant in the Pa Kae Formation. Folk (1959, p.29) proposed the term algal 
biolithite for this rock type. 
4.2.1. l. Stratiform Stromatolites 
This microfacies can be subdivided into two categories: the smooth flat 
strornatolites and the wavy, irregular and crinkled strornatolites that occasionally occur 
as small scale dornal structures. 
1. The smooth flat strornatolites are visible as brown to black coloured laminae along 
foresets of cross strata in both the lower and upper members of the. La Nga 
Fig. 4.1 A. Alternating layers of microdolomite (D) and pelmicrosparite (L) in a stratiform stromatolite. Note the flame structure, intraclast, 
and increasing grain size of microdolomite downwards within the burrow (arrow) in pelmicrosparite. Thin section no.396B 2, 
the Malaka formation. 
B. Stratiform stromatolites with an occasional domal structure (centre top), developed on intrasparite at the lower portion of the 
picture. Note the microdolomite along the mud cracks (arrow). Thin section no.396B2, the Malaka formation. 
C. Parasitic LLH-C->LLH-V (V) growing on the top of the first order LLH-V laminae (L) in a columnar stromatolite. Thin 
section no. 15, the Pa Nan Formation. 
D. Alternating layers ofmicrodolomite (brownish gray), micrite (brownish black) with microdolomite infilling a burrow (arrow) 
in a columnar stromatolite. Note the scattered tubular fenestrae. Thin section no. PN, the Pa Nan Formation. 
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Formation; along the algal laminites and cross laminations of the Malaka Formation; 
and on top of some cycles in the upper member of the La Nga Formation (Fig. 
3.4B, 3.6B,D). The rock comprises alternating laminations of microdolomite and 
limestone (Fig. 4. lA) which commonly form primary strucrilre such as cross strata 
and flame structures. Some beds contain mud cracks. Bioclasts, intraclasts (Fig. 
4.4D), and fenestral fabrics are very rare whereas vertical and U-shaped burrows 
are abundant (Fig. 3.4B). 
The microdolomite layers are generally uniform along their length, and range from 
0.5-5 mm in thickness. They are composed of very fine grained, tightly 
interlocking, primary or early diagenetic, brown idiotopic microdolomite rhombs 
(20-100 mm) surrounded by abundant black organic matter (Fig. 4.lA). These 
layers are·eommonly smooth but may protrude into the overlying limestone. 
The limestone layers (0.5-30 mm thick) comprise grey ini.Crite and pelsparite, . 
' . containi~g very small ovoid and elliptical peloids (40-160 mm), plus equant · 
microspar (Fig. 4. lA). Recognised variations in thickness are probably related to 
the direction of sediment transport along the length of these binding and trapping 
sediment-rich limestone layers (Hoffman, 1967; Gebelein and Hoffman, 1973). 
Abundant vertical ·burrows at the top of the limestone layers were initially filled with 
blocky spar which was subsequently replaced by microdolomite, and zoned 
mesodolomite at the base of the burrows (Fig. 4. lA). No burrows were observed 
in the microdolomite layers. 
2. Wavy, irregular and crinkled stromatolites are common in the algal laminites of the 
Malaka Formation, Phetra Formation as well as within the uppermost part of the 
shallowing and thinning-upward sequence of the upper member of the La Nga 
Formation (Fig. 3.6D). In general, these rocks are the same as the flat 
stromatolites, although in places algal laminites are the alternation of the spar-rich 
and sediment-rich layers of micrites, disrnicrites (micrite containing fenestral fabric) 
and fine grained pelsparites with more abundant small, rounded, micritic intraclasts 
(Fig. 4.lB) and a poor to well defined fenestral fabric. 
Occasionally, the wavy stromatolites can be traced upwards into irregular, small 
domed or laterally linked hemispheroid stromatolites (LLH-C). This microsubfacies 
is usually gradually developed on graded intrasparite microfacies (Fig. 4.lB). 
Microdolomite of this submicrofacies seems to be restricted to mud cracks and 
vertical burrows of the Malaka Formation and La Nga Formation. A siliceous tuff 
layer ( 450 mm thick) is present in this unit of the Phetra Formation at Ko Khao Y ai. 
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4.2.1.2 Columnar Stromatolites 
Although the well developed and densely crowded stromatolites in the Pa Nan 
Formation and Pa Kae Formation have formerly been classified, on the basis of their 
external features and morphology in the field, as either furcate. or digitate stromatolites 
(Hoffman, 1969), they will actually be classified here on the basis of the arrangement 
of their basic hemispheroids as seen in vertical section (Logan et al., 1964). These 
stromatolites comprise mainly laterally linked hemispheroids (LLH); discrete, vertically 
stacked hemispheroids (SH), and rare spheroidal structures (SS, oncolites) (Fig. 3.7B; 
3.12B,D; 4.lC; 4.2A). 
Pa Nan Formation: Most of the columnar stromatolites of the Pa Nan Formation are 
small scale (100-150 mm wide and 150-450 mm tall), discrete, vertically stacked 
hemispheroids with variable basal radii (SH-V). Convex laminations of 20-50 mm · 
amplitude and 10-150 mm diameter·.are stacked to form vertically persistent columns 
which cross-cut bed9-ing. Lateral linkage between these columns is intermittent due to 
only periodic sediment infilling of the intervening areas. 
The laminae are fine (0.5-2mm thick), partly discontinuous, undulose bands 
composed of alternating layers· of mostly dark grey micrite (3-5 mm) and 
microdolomite (45-75 µm) with a poorly developed tubular and laminoid fenestral 
fabric (Fig. 4.lD). Drusy cement within the fenestral porosity comprises blocky and 
equant spar (20-150 µm). Some limestone layers are pelsparite (20-40 mm peloids) 
with well developed laminoid fenestrae floored by vadose silts. Although the 
~occurrence of bioclasts and intraclasts within the columns is rare, they are more 
abundant in the inter-column-areas. The vertical partitions between the columns have 
faintly concave-upward laminae which are partly or completely replaced by 
microdolomite. Micritic laminae contain approximately 1-2% very fine grained detrital 
quartz up to 75 µm in size, plus mica (60-100 µm) and authigenic quartz (20-60 µm). 
Stromatolite geometry within the Pa Nan Formation ranges from a vague, branching, 
stacked hemispheroid (SH-V) in the lower and intermediate parts of the sequence to a 
predominantly lateral-linked habit (LLH-C) at the top of the sequence. This vertical 
variation occurs at both Ko Pa Nan and Ao Dan (Fig. 3.7). In the second mode of 
occurrence the minor stromatolites (LLH- C-SH-V) are parasitic on the erosional 
~ .~ ' 
surface at the top of the larger stromatolite (Fig. 4.lC). 
Pa Kae Formation: In contrast to the Pa Nan Formation the digitate columnar 
stromatolites of the Pa Kae Formation are very small-scale domes with diameters 
ranging from 10-50 mm and heights from 40-150 mm. These domes are stacked 
'' 
Fig. 4.2 Deeper water stromatolites showing : 
A. An oncolitic stromatolite ~LH-C, 1) developing upwards to form pure oncolite (arrow 2). Note the rarity of bored erosional 
surfaces (arrow 3) encrusted with dark brownish-red ferromanganese crusts; and the inverted, stacked, hemispheroid oncolites 
(4). Thin section no. 389.15, the Pa Kae Formation. 
B. A ferromanganese-mineral (arrow) coated around intraclasts (I). Note the abundant peloids, lumps, and trilobite fragments. 
Thin section no. 389.1, the Pa Kae Formation. 
C. Stratifonn deeper water stromatolites (1) with links between mesoclotted structures (2) within thrombolitic stromatolites. 
D. SEM of slightly etched thin section showing well preserved microbial filaments (1), sheaths (2) and the possible remains of 
micro-organisms (3). Note the entrapment ofmicrites along stromatolite filaments(l). 
Q, 
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upwards across the bedding (Fig. 3.12D). Beds of this lithotype are thin, generally 
less than 150 mm thick, alternate with very thin beds of red calcareous silty mudstone 
containing red limestone nodules. Sparse thrombolites (Fig. 4.2C)are associated with 
columnar (LLH-C) and stratiform stromatolites in the lower member whereas they are 
absent or very rare in the upper member at type section. Oncolites (SS) are only 
observed in one horizon (150 mm thick). They have been trapped and bound within 
stromatolitic laminae (Fig. 4.2A). The typical characteristics of the Pa Kae Formation 
stromatolites are as follow: 
1. The stromatolite forms within a single bed of the Pa Kae Formation are very 
variable in a vertical direction. In general there is an upward progression from 
stratiform stromatolites at the base of the bed to an intermediate lateral linked 
geometry (LLH-C, Fig. 3.12D, 4.2A) progressing still higher to the uppermost 
LLH-S hemispheroid (Fig. 4.2A) an~. recticulate stromatolites. Close stacked 
hemispheroid (SH) types are less common and usually develop above LLH.!.~S 
types. The stromatolites are also laterally linked at some levels by laminae which 
can be traced across the partition from one column to another. 
The columns are mostly of a constant radius (LLH-C, LLH-S, SH-C) although 
some tend to gradually broaden upwards (SH-V). The columns have convex 
laminations of 10-50 mm diameters and amplitudes. Very narrow column 
interareas (2-5 mm wide) are filled with red silty mudstone. Erosional bored 
surfaces, coated with iron-rich mudstone (Fig. 4.2A), are only rarely observed in 
the columns. Vague coloured laminations within the columns are fine and 
continuous to partly discontinuous with a thickness of about 0.5-2.5 mni. 
Alteration of pale red spar-rich and dark red sediment-rich layers is common. They 
are composed of micrite and biomicrite with peloids, and lumRs plus minor red and 
rare grey micritic intraclasts. The size of the rock components are as follows: 0.5-
10 µm for detrital and precipitated micrite in the ma~, 2-4 µm for micrite in grey 
peloids and grey intraclasts, 10-150 µm for lumps and peloids, 100-200 µm for 
rounded grey intraclasts; 1-18 mm for regular red intraclasts coated by dark red, 
aphanitic iron-minerals and rounded'grains; 5-35 µm for dark red separated iron-
minerals in the matrix. 1:he red intraclasts have_ the Same lithology as the 
stromatolitic columns although the grey intraclasts have a different lithology and 
contain abundant_ calcareous tubes similar to the common calcareous algal 
fragments in the lower formation. The red intraclasts appear to have been torn out 
of the nearby columns and deposited in place, where they cross cut the stromatolitic 
laminations. The faunal assemblage includes ostracods, trilobites, calcispheres 
(60-450 µm) and echinoderms, as well as minor brachiopods, gastropods, sponge 
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spicules, cephalopods, calcareous algae, stromatoporoids, and conodonts. These 
faunal types are abundant but less diverse than in the lower formations. 
Fenestral fabric is commonly absent or rare, but when present it is usually floored 
by an internal sediment (very small calcite crystals similar to vadose silts). Sparse 
shelter porosities under bioclasts and intraclasts are filled with blocky spar (Fig. 
4.2B). 
SEM studies reveal the presence of leaf-like microbial sheaths (0.5-2 µm wide, 15-
30 µm long) and the probable remains of very small coccoid microorganisms ( <0.5 
µm) within the stromatolitic columns of the Pa Kae Formation (Fig. 4.2D). Rare 
isolated idiotopic microdolomite rhombs also occur locally. 
2. Thrombolites are a minor microbial structure occurring within the lower member of 
the Pa Kae Formation. The external form of these thrombolites is similar to that of 
the stromatolites (digitate or laminate) and :commonly occur together. The 
stromatolites form irregular laminations which bridge the clotted fabric (Fig. 4.2C). 
Irregular patches of mesoclots, up to 250 mm in diameter, are typically dark red 
J 
and have a micritic, microcrystalline texture. The inter-clot sediments consist of 
pale red biomicrite with the same composition and texture as the stromatolites.This 
is classified as the thrombolitic stromatolite microsubfacies (Aitken, 1967). 
4.2.1.3 Spheroidal Stromatolites (Oncolites) 
Oncolites comprise the most minor component of the Pa Kae Formation. A single 
thin horizon of this submicrofacies has been observed in the lower member of the Pa 
Kae formation at the black shale quarry close to km 11 on the Thung Wa-La Ngu 
Road. 
The oncolites have an irregular spheroidal to ellipsoidal shape. A cylindrical or 
l 
elongated oncolite may occur when the nucleus is a long bioclast. According to the 
layer configuration terminology of Logan (1964), most of them are concentrically 
stacked hemispheroids (SS-C; Fig. 4.2A). Randomly stacked (SS-R) and inverted 
stacked hemispheroids (SS-I) are scarce (Fig. 4.2A). The vague concentric layering of 
oncolites is poorly developed around cores of ostracod valves and possible micritic 
nodules or peloids. Thick, slightly irregular, micritic laminae alternate with much 
thinner iron-stained laminae to form the oncoid coating whose outer layers usually 
show signs of physical erosion and boring. Some of the dense micritic oncolites look 
similar to oolites (Purdy pers. comm.). But over-all appearances and the existence of 
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SS-Rand SS-I types and the mode of occurrence in relatively quiet water favours an 
oncolite interpretation. 
This submicrofacies gradually progresses upwards from LLH-C stromatolites at 
the base of the beds to intermediate oncolitic stromatolites and then to pure oncolites 
within calcareous mudstone at the top of the columns and within the inter-column areas 
(Fig. 4.2A). This upward progression is also accompanied by an increase in the 
sphericity of the ~oncolites. 
4.2.2 Microfacies II - Micrite and Fossiliferous Micrite 
Lime mud or micrite is the most abundant calcium carbonate constituent of the 
Thung Song Group within the study area and its surrounds· in the central peninsula of 
Thailand. It forms both distinct beds as well as interlaminations with other microfacies 
(Fig. 4.3A, B, C) in the Malaka Formation, La Nga Formation; and in the lower 
member of the Lae Tong Formation. Nodular micrite beds alternate with ealcareous 
shale horizons (Fig. 4.3D) in the Talo Dang Formation, and in the upper member of 
the Lae Tong Formation. Micrite is the main component infilling interparticle 
porosities within the sparry limestone of the Rung Nok Formation and it also forms 
microbial laminae within the stromatolitic limestone of the Pa Nfin Formation and Pa 
Kae Formation. 
This microfacies is comprised of 90-100% lime mud, 0-10% allochems, 1-7 .5% 
microdolomite, silt size detrital and authigenic quartz and feldspar, iron-minerals 
(mostly pyrite), and carbonaceous matter. The proportion of micrite and bioclasts in a 
single horizon is usually variable both vertically and horizontally and it usually grades 
upward into another microfacies (Fig. 4.3C, D). The lithotype which has a fossil 
content ranging from 1-10% is regarded as fossiliferous micrite while rocks containing 
99% lime mud and 0-1 % bioclasts are classified as micrite (Folk, 1959). 
Micrites without bioclasts are widely distributed in the Malaka Formation at 
Malaka Creek and Ko Pa Nan, and within the lower member of the Lae Tong 
Formation at Ko Laen and Ao Ton Pung. In the Malaka Formation the micrite contains 
abundant brown microdolomite (40-80 µm) replacing burrows (Fig. 4.3A) and 
approximately 0-2.5% subangular to rounded detrital quartz silt. A distinctive 
characteristic of the micrite in the lower member of the Lae Tong Forrn.ation, especially 
at Ao Ton Pung, is very fine undulatory laminations and micro-hummocky cross 
laminations with extensively abundant subangular to rounded, detrital microdolomite, 
feldspar and quartz silt (up to 7.5%, 20-130 mm in size) along the foresets and 
alternating laminae (Fig. 4.3B). The detrital grains are very random and well sorted. 
Random, branching burrows, filled with brown microdolomite and equant spar, are 
Fig. 4.3 A. Biomicrite interbedded with micrite (M). Note the burrow filled with microdolomite and subsequently bounded by stylolites 
(arrow). Thin section no. 435.16, the lower Lae Tong member 
B. MiCrite with detrital dolomite and some quartz silt (white spots) along hummocky cross-laminations (H). The upper part of the 
bedding was torn apart to form intramicrite. Thin section no. 4.1 F, the lower Lae Tong member 
C. Normal graded bedding in biomicrite. Thin section no. 320.lOD, the Malaka Formation. 
D. Red nodular limestone (biomicrite, micrite), of the Lae Tong Formation, .interbedded with red shale. Note the dewatering 
structure in the shale (1), and the plastic deformation feature (2) of the limestone. Thin section no. 401A, the Malaka 
Formation. 
E. SEM of a broken slab showing a densely packed, interlocking mosaic of precipitated micrites within the La Nga Formation. 
~1 
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less extensive than the former one and they are usually confined to the top zone of 
some micrite beds. This upper zone has often been torn out to form the variously 
shaped intraclasts within successive intrasparite horizons (Fig. 4.3B). Wyatt (1983) 
and Mason (1986) observed escape burrows in this microfacies in the Langkawi 
Islands and on Ko Tarutao respectively. Although fossiliferous micrite is widely 
distributed in the La Nga Formation, and within both the lower and upper members of 
the Lae Tong Formation at Ko Lae Tong and Ko Laen, it is less abundant in the 
Malaka Formation and Talo Dang Formation. Some of these beds are graded. The 
fossiliferous micrite is composed of 90-95% micrite, 2-10% bioclasts including 
fragments of echinoderms, brachiopods, trilobites, pelecypods and gastropods, as well 
as rare bryozoans and primitive corals in the upper formations, 0-2% peloids and 
intraclasts, and 1-2.5% subangular detrital quartz, feldspar and pyrite. 
The Thung Song Group micrite comprises an interlocking mosaic (Fig. 4.3E) of 
microcrystalline calcite crystals whose bimodal crystal size·is larger than that of the · 
modern standard micrite (1-4 µm in diameter), as defined by Folk (1959). Crystal size 
ranges in the micrite are as follows: 4-35 µm from the Malaka Formation, 5-35 µm 
from the Talo Dang Formation, 5-15 µm from the La Nga Formation (Fig. 4.3E), 3-60 
-
µm from the Pa Nan Formation, 5-50 µm from the Lae Tong Formation, 5-10 µm 
from the Rung Nok Formation, and 0.5-10 µm from the Pa Kae Formation. Two 
textural types dominate: 1) fine grained micrite ranging from 3-7 mm, and 2) coarser 
grained (rnicrospar?) micrite ranging from 4-60 µm. There is an overlap in the size 
ranges of these two types of micrites. 
The grain size of the microcrystalline calcite from the Thung Song Group falls 
within th~ range of neomorphic microspar (5-30 µm) and pseudospar (>30 µm) as 
defined by Folk (1959, 1965). However, based on SEM studies of micrite from south 
Florida and the Bahamas, Lasemi and Sandberg (1984) took an opposite view 
whereby they used the term "micrite" as being inclusive of both micrite and microspar 
for lime mud ranging from 1 µm to 14 µm. SEM studies reveal that most of the 
micrites from shallow water carbonates including the Malaka Formation, La Nga 
Formation and Lae Tong Formation were mainly precipited from sea water. This is 
evidenced by their cryptocrystalline texture with polygonal crystals (Fig. 4.3E) 
whereas micrites from deeper water carbonates, the Pa Kae Formation, are made up of 
a l?.ombination of both detrital and precipitated micrites (Fig. 4.3E). This is possibly 
due to the supersaturation of shallow sea water with respect to calcite and the extensive 
maceration of carbonate grains in the deeper water deposits (as a description in chapter 
7). 
4.2.3 Microfacies ID - Biomicrite 
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The biomicrites are ubiquitous and commonly interbedded or interlaminated with 
the other microfacies throughout the lower portion of the Thung Song Group, 
especially in the La Nga Formation and the Lae Tong Formation. The rock is 
com]?osed of 10-45% bioclasts, 0-5% moderate to well rounded micritic intraclasts, 0-
10%j elliptical and oval peloids, 1-2.5% subangular to rounded quartz silt (20-39 µm), 
rare radial ooids and the calcareous algae Nuia, in a 50-80% micrite matrix ( 4-12 µm). 
In general, the skeletal remains in the shallow water carbonates are diverse and 
fragmented (Fig. 4.3C). They include ostracods, trilobites, gastropods, echinoderms, 
calcareo~s algae, sponge spicules, brachiopods, polyplacophoran (Malaka Formation, 
Talo Dang Formation, and La Nga Formation); and rare receptaculitids, bryozoans, 
and primitive tabulate corals (Lae Tong Formation). As compared to the biosparite, 
microboring of the biomicrite bioclasts is less extensive. The gastropods and ostracods 
are mostly recrystallized. Echinoderm fragments are rimmed by syntaxial cement: 
The micrite matrix of biomicrites in the lower member of the Lae Tong Formation 
yields a high proportion of argillaceous silt and clay. Pyrite is relatively abundant as 
both individual crystals and framboidal structures. Microdolomite is sparse and mostly 
occurs as vertical and random burrows. Birds-eye structures and shelter porosities 
occupied by blocky spar and calcite pseudomorphs after gypsum are found within the 
Malaka Formation and La Nga Formation. 
The bioclasts are commonly poorly sorted with random orientations (Fig. 4.3C). 
There is also normal and reverse graded bedding roughly developed within the lower 
members of the Lae Tong Formation and the La Nga Formation (Fig. 9.3C, D). This 
texture is usually associated with biomicrites, containing rounded intraclasts, 
interbedded with intramicrite and micrite with cross laminations. Most of the mollusc 
shells are orientated with their convex sides facing upwards (Fig. 4.3A). The lower 
contact of the bedding or laminations is commonly erosional while the upper contact 
may be graded or sharp (Fig. 4.3A). 
4.2.4 Microfacies IV - Intramicrite 
Intramicrite is a carbonate rock containing at least 25% intraclasts within a 
micritic matrix (Folk, 1959). The Thung Song Group intramicrites are commonly 
interbedded or interlaminated with the scoured or erosional basal contact of the 
underlying microfacies in the Malaka Formation, Talo Dang Formation, La Nga 
Formation, and in the lower member of the Lae Tong Formation. Intramicrites are also 
present in the areas between the stromatolitic columns of the Pa Nan Formation. In 
both the Talo Dang Formation and the upper member of the Lae Tong Formation, 
Fig. 4.4 A. Nodular limestone displaying the· faint contact between intraclasts and matrix. Thin section no. 423.7, the Talo Dang 
Formation. 
B. Intraclast with sharp contact and abundant sheltered cement (arrow) in the lower member of the Lae Tong Formation. Thin 
section no. 16.1 
C. A poorly washed biosparite with geopetal fabric (1) and abundant syntaxial rim cement (2). Thin section no. 22.8, member 1, 
the Rung Nok Formation. 
D. A majority of bioclasts within the biosparite are echinoderms and bryozoans (B) plus minor brachiopods and rare primitive 
corals. Rim cements postdate the micrite rims (arrow). Thin section no. 22.9, member 2, the Rung Nok Formation. 
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intramicrites are rare. Although intraclasts occur as limestone breccias in the third 
member of the Rung Nok Formation intramicrites are absent. Intraclasts are also found 
along the stromatolitic laminae of the Pa Kae Formation. 
The rock is composed of 25-40% subangular to well rounded micritic intraclasts 
of various shapes with a bimodal size (Fig. 4.4B) range of 0.5 to 15 mm. The larger 
intraclasts are subrounded to well rounded, elongate to irregular in shape and 
occasionally greater than 15 mm. Smaller intraclasts tend to be well rounded or 
spherical. Intraclast imbrication is common. The boundary between intraclasts and the 
micritic matrix is generally sharp although an exception to this occurs in the lenticular 
layer of the Talo Dang Formation where the boundary is ill-defined (Fig. 4.4A). 
Microdolomite occurs in small burrows. 
The intraclasts are composed of dark grey micrite with a high proportion of 
carbonaceous matter, abundant rounded quartz silt and rare bioclasts of limited 
diversity. Other allochems are absent from the intraclasts but usually exist ( <10%) in 
the micritic matrix. The bioclasts in the matrix include Chelodes, gastropods and P 
trilobites. These last are well preserved and much less fragmented than in the 
intrasparites. The relative proportions of intraclasts, bioclasts and peloids varies both 
vertically and horizontally within a single bed. 
4.2.5 Microfacies V-Poorly Washed Biosparite 
Coarse grained, white, grey and pink, sparry limestone or bioclastic calcirudite is 
found only in the lower two members of the Rung Nok Formation. The rock consists 
of 40-55% poorly sorted but well abraded bioclasts, 2-20% micrite, and 20-40% 
turbid syntaxial rim cement, fibrous cement and rare clear blocky cement. Detrital 
minerals are absent. Geopetal structures commonly have very small bioclasts and 
micrite as their internal sediments, plus some blocky spar infilling crinoid ossicles 
(Fig. 4.4C, D). 
The bioclasts are primarily composed of fragmented and highly abraded crinoids 
(85% ). Lesser components include globular bryozoans (5-10% ), and rare inarticulated 
brachiopods, tabulate corals and trilobites (0-5%). The proportion of this latter group 
increases upwards to 5-15% in the second member of the Rung Nok Formation. 
Micro boring and micritic envelopes are common. A ve1~age grain size varies between 
less than lmm to 3mm; with a maximum of 10 mm. 
This closely-packed rock is largely grain-supported, and some grains have 
irregular contacts (Fig. 4.4D). The primary porosity of the biosparite in the second 
member is almost completely destroyed by extensive syntaxial overgrowths on the 
crinoid debris (Fig. 4.4D). However, this turbid rim cement is less extensive in the 
Fig. 4.5 A. Biopelsparite with brown chalcedony (C) replacing echinoderm ossicles (1), brachiopods (2) and matrix. Note the 
concentration of peloids on the upper side of bioclasts (3). Thin section no. 29 .2, the lower Lae Tong member. 
B. The pelbiosparite is poorly washed (1) and replaced by mesodolomite (2). Thin section no. 404 B, the lower Lae Tong 
member. 
C. Pelsparite with intraclasts and microdolomite replaced blocky cements in a burrow (arrow, 1). Note the micrite envelopes 
around Nuia (arrow 2). Thin section no. 6.9, the Malaka Formation. 
" D. Abundant pellets cemented by equant calcite and blocky spar in the larger porosities. There are two types of peloids : 1) long 
irregular grains, and 2) oval-ellipsoidal grains. Note the microdolomite selectively replaced peloids (3). Thin section no. 70.3, 
, ' 
the Malaka Formation. 
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first member. Very dark grey micrite and very fine grained fragmented bioclast matrix 
has in:filled the large inter- and intraparticle porosities after the formation of the cement 
rim, and before or after the formation of the blocky cement. The products of this 
infiltration are extremely poorly sorted (Fig. 4.4C). The micrite content of the rock 
~ecreases vertically upwards, resulting in the upper portion of the second member 
being almost completely devoid of micrite. Radial fibrous cement is rare at the bottom 
but increases toward the top of the sequence. 
Dolomite is uncommon in the first member of the Rung Nok Formation where 
only a limited amount microdolomite has selectively replaced the micritic infiltrate. 
However, the dolomitization of the second member is very pervasive and most of the 
micrite has been selectively replaced by late diagenetic dolomite. This process imparts 
a pink colour to both the dolomitic limestone at Ko Lae Tong and the completely 
dolomitized rock at Ko Laen. 
4.2.6 Microfacies VI- Pelbiosparite and Biopelsparite 
The fine to coarse grained calcarenite considered here contains both fossils and 
peloids, amounting to greater than 10% of the rock volume, within a microsparry 
calcite cement (30-145 µm). If the volume ratio of peloids to bioclasts is greater than 
3: 1, the rock is a pelbiosparite. On the contrary, if this ratio is reversed, the rock can 
be classified as a biopelsparite (Folk, 1959). As the rocks of the study area are very 
variable in their relative proportions of peloids and bioclasts, even ih a single layer, it 
is therefore difficult to assign an exact name to them. Although many of the rocks tend 
to be pelbiosparite, rather than biopelsparite, for convenience they will be grouped 
together under the same microfacies. 
Pelbiosparite and biopelsparite are found predominantly along cross bedding and 
-. cross laminations"'in the Malaka Formation, lower and upper members of the La Nga 
Formation, and in the coarse grained layer (calcirenite) of the lower member of the Lae 
Tong Fm. These rocks consist of 10-30% bioclasts _including ostracods, trilobites, 
brachiopods, calcareous algae (Nuia), and echinoderms, 10-40% well sorted, ovoid to 
ellipsoidal, fine grained peloids (39-98 µm), 1-7% radial and concentric oolites, 
rounded intraclasts, and grapestones, and <2.5% subangular to rounded quartz silts; 
within an equant, sparse radial fibrous and blocky cement ( 40-70% ). The majority of 
the rocks are well washed (Fig. 4.5A) although some are poorly washed and contain 
up to 25% micrite (Fig. 4.5B). Pelmicrites and pelbiomicrites are rare but are visible 
as stromatolitic laminae within microfacies I. 
Shelter porosities under large bioclasts and pseudo-fenestral porosities filled with 
small blocky spar (200-600 µm) are common and have been further replaced by later 
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diagenetic dolomite. The infiltration of peloids, which tend to accumulate on the large 
bioclasts, is prqbably a useful facing indicator (Fig. 4.5A). However, Purdy (pers. 
comm.) commented that this should be re-deposited after cementation., A few 
bioclasts, especially brachiopods and echinoderms, have been replaced by chalcedony 
(Fig. 4.5A). Some of the meso- to megadolomite, which often occur in burrows and 
vuggy porosities, appear to be pseudomorph~ after-gypsum and/or anhydrite (Fig. 
4.5B). Microdolomite is sparse and confined to burrows. 
4.2. 7 Microfacies VII - Pelsparite 
·, 
Pelsparite is a carbonate rock containing at least 10% peloids, as the major 
allochem, in a sparry calcite cement. This microfacies is a major rock unit in the La 
·Nga Formation and it is usually associated with intrasparite along cross bedding in the 
Malaka Formation (Fig. 4.6A). Pelsparite .also occurs along stromatolitic laminae 
, :within microfacies I in the Malaka Formation and Pa Nan Formation. This rock is i;' 
made up of 25-40% well sorted micritic peloids cemented by microspar or small equant 
sparry cement. Some layers have a partly micritic matrix. Other allochems such as 
intraclasts, oolites, bioclasts and detrital quartz are sparse. Most of the bfoclasts 
consist of a calcareous algae, Nuia .. surrounded by a micritic envelope (Fig. 4.5C). 
The grains are in close contact. 
The peloids have two dominant textural types: 1) fine grained peloids ranging in 
length from 16-40 µm, and 2)~coarser grained peloids ranging from 120-400 µm. 
However, irregular peloids up to 800 µm in size are also present (Fig. 4.5D). The 
finer peloids (60-70%) are oval and elliptical shape while the larger ones tend to be 
irr~gular and elongate, with a sharp and smooth wall. Some of the large irregular 
peloids consist of very small calcite rods surrounded by micrite. The small peloids are 
virtually homogeneous dark grey micrite lacking any internal structure. These peloids 
are commonly well sorted and randomly orientated although some tend to be aligned 
parallel to laminations and cross bedding (Fig. 4.6A). Changes in pelloid grain size 
may sometimes define a faint grading or layering within these rocks. 
Most peloids, especially the coarser grained types, are extensively replaced by 
iron-stained microdolomite (Fig. 4.5D). An equant spar within the interparticle 
porosities was the first cement followed by blocky and dolomite cement in the large 
voids or pseudo-fenestral porosities. The fenestral fabric in pelsparite is restricted to 
the stromatolitic laminae of microfacies I. Burrows, occupied by blocky calcite and 
calcite pseudomorphs after gypsum replaced by mesodolomite, are also observed but 
the majority are usually filled with microdolomite. 
Fig. 4.6 A. Intramicrite (1) interbedded with intrasparite (I) and pelsparite (P) wi~h cross-laminations. Note the possible erosional surface 
(black arrow) between the rnicrite and the other facies. The lowermost portion is cemented by Fe-cement (2). Thin section no. 
5 B, the Malaka Formation. 
B. Clotted micrite within large intraclasts of intrasparite (cross nicols). Thin section no. 4.2 D, the Malaka-La Nga Formation. 
C. The long irregular flat-pebble conglomerate is cemented by fibrous calcite (1). Note Nuia enclosed by micrite envelopes (2) 
and Z-shaped pebbles (arrow). Thin section no. 403.2, the Malaka-La Nga Formation. 
D. Well rounded, tabular or rod-shaped, composed of laminated pebbles. Both irregular and well rounded pebbles are clearly 
reworked carbonate sediments. Thin section no. 421.14, the La Nga Formation. 
" 
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4.2.8 Microfacies VIII-Intrasparite 
"lntrasparite is a carbonate rocks containing at least 25% intraclasts in a sparry 
calcite cement (Folk, 1959). This microfacies is common in the lower portion of the 
Thung Song Group in the study area. They are often interbedded or inte~laminated 
- with the scoured base or erosional contact of micrites and other microfacies within the 
Malaka Formation (Fig. 4.6A) and the lower member of the Lae Tong Formation. 
Intrasparite is also visible along cross bedding and cross laminations within the Malaka 
Formation and the La Nga Formation; as massive or thick beds intercalated with 
oosparite microfacies il! the lower part of the shallowing-upward sequence of the La 
Nga Formation; and as a channel deposits in between the stromatolite columns of the 
Pa Nan Formation. 
The rock consists of 25-50% subangular to well rounded micritic intraclasts 
ranging in size from 0.5-10 mm, 0-25% fragmented and .abraded bioc!asts includi~g 
trilobites, echinoderms, Chelodes, ostracods, Nuia and other calcareous algae, 0-20% {.. 
peloids, oolites and grapestones, and 0-5% detrital quartz silt. Intraclast shape varies 
cons1.derably. The intraclasts along cross strata and thin beds are usually small and 
well rounded and they tend to be spherical, homogeneous or fossil-bearing micritic 
intraclasts. The larger intraclasts within massive beds are mostly irregular and some 
are broken, clotted micritic intraclasts or algal mats (Fig. 4.6B). The smaller 
intraclasts are better sorted than.the large irregular ones. Within the massive limestone 
there are numerous fragments of trilobites, echinoderms and Che lodes with relatively 
thick rims of micrite. 
The intraclasts are cemented by microspar (12-32 µm) or small equant sparry 
calcite (39-147 µm) in laminated to thinly bedded limestone, and by blocky spar (100-
400 µm) in massive limestone. Rare hematite cement has been observed in the Malaka 
Formation. Calcite pseudomorphs after gypsum, and dolomite cement within the 
interparticle porosities are common. 
4.2.9 Microfacies IX - Flat Pebble Conglomerate · 
This microfacies has been separated from the intrasparite microfacies because of 
its significance in environmental interpretation. It seems to have originated from more 
complex processes than the ordinary intrasparite. The flat pebble conglomerates are 
found within the lower and upper parts of the shallowing-upward sequence of the La 
Nga Formation and in the channel deposit of the Pa Nan Formation. Mason (1986) 
reported the occurrence of this microfacies 63 m above the base of the Malaka 
Formation. 
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The rock consists of about 25-55% tabular flat pebbles or intraclasts, 5-10% 
small intraclasts, oolites, peloids and abraded bioclasts, and 2.5-5% well rounded and 
well sorted detrital quartz silt (20-80 µm), within a sparry calcite cement (40-60%). 
The cement includes radial fibrous, short bladed, and blocky spar. The flat pebble 
conglomerates are poorly sorted, well washed and largely grain-supported. Imbrication 
of pebbles is common (Fig. 4.6C, D). Micritic envelopes around bioclasts within the 
massive limestones of the upper member of the La Nga Formation are thicker than 
those occurring within other microfacies. 
· There are two different types of flat pebbles. Firstly, the flat pebbles overlying 
the stratiform stromatolites above the shallowing- upward sequence comprise tabular, 
well rounded, laminated micrite and rare oosparite intraclasts with either smooth or 
bored surfaces (Fig. 4.6D). Most of them appear to have originated from the cemented 
stratiform stromatolites of microfacies I. The pebbles range in size from less than 5 
mm to 600 mm long and less than 2 mm to 100 mm wide. The matrix comprises small 
intraclasts, peloids, and a few abraded bioclasts including Che/odes, Nuia, 
echinoderms, gastropods, ostrocods, and trilobites. The ooids in clast and matrix are 
relatively large concentric, radially concentric (1-2.2 mm) with a multiple cortex of up 
to 50 layers, and composite ooids. Most of these ooids have equidimensional nuclei of 
peloids and echinoderms. The pebbles within both the channel deposits and the 
interareas between the stromatolitic columns of the Pa Nan Formation are the same as 
above but smaller in size. 
Secondly, the flat pebbles within the lower part of the shallowing-upward 
sequence of the La Nga Formation comprise irregular and partly broken micritic 
pebbles (Fig. 4.6D) similar to the intraclasts of microfacies VIII. Calcified algal 
filaments have been observed within clasts. Some pebbles are distorted to form Z-
shapes (Fig. 4.6C) indicating the pliable nature of these clasts during deposition. 
These pebbles may ha.Ne been eroded and transported from the columnar and 
stratiform stromatolites of. microfacies I in a nearby area and/or they may be a product 
of in situ calcareous algal disintegration. 
The flat pebbles and matrix were cemented firstly by radial fibrous and short 
bladed cement following by blocky spar and later dolomite cement within the 
interparticle porosities. Early diagenetic microdolomite selectively replaced ooids and 
peloids in the matrix. Calcite pseudomorp~s after gypsum are present but not 
abundant. 
4.2.10 Microfacies X- Oosparite 
Fig. 4.7 A. Microdolomite selectively replaced radial concentric and composite ooids. 
Stained thin section no. 398.2 B, the Malaka Formation at Ko To sen. 
B. Radial concentric ooids (a) and superficial ooids (b). 
C. Irregular ooids with thick micritic layers (a), grapestones and compound 
ooids (b).Thin section no. 421.5, the Malaka-La Nga Formation. 
D. Cup-shaped stromatoporoid (S) growing in place (arrow) on a nautiloid 
skeleton (C). Note the laminar stromatoporoids (L) which also encrust 
this nautiloid. Thin section no. 425.13, the third member of the Rung 
Nok Formation. 
E. Blocky (B) and fibrous (F) cement on a stromatolite (1) with a micrite 
layer infilling above (2, crossed nicols). Thin section no .. 400.9, the third 
member of the Rung No~ Formation. 
2.Smm 
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Oosparite is a carbonate rock containing at least 25% ooids, as the major 
allochem, within a sparry calcite cement (Folk, 1959). This microfacies is commonly 
associated with intrasparite and flat pebble conglomerates within cross bedding and 
some massive limestone units of the La Nga Formation, as well as thin cross strata and 
ripple beds intercalated with the stratiform stromatolites of the Malaka Formation. 
Oosparite is also occasionally associated with the extensively dolomitized, poorly 
· washed biosparite of the second member of the Rung Nok Formation at Ko Laen. 
Individual ooids occur as a minor component within pelbiosparite and pelsparite of the 
Malaka Formation and the lower member of the Lae Tong Formation. 
The rock is composed predominantly of 30-50% well layered subspherical to 
spherical ooids (0.6-1.6 mm) in cross beds and ripple beds, as well as in slightly 
irregular, matted surfaces in massive beds (Fig. 4.7A, B, C), 5-10% spherical to 
elliptical peloids and minor grapestones composed of peloids or small ooids in a 
micritic cement, less than 5% relatively less diverse, well abraded bioc~asts including 
-
trilobites, Che/odes, echinoderms and Nuia. These components were cemented firstly 
by radial fibrous cement followed by blocky spar and dolomite cement in large 
intraparticle porosity. All oosparites are well washed and largely grain-supported with 
minor compactional effects. 
Most of ooids are poorly defined because of extensive micritization (especially in 
the slightly irregular ooids) and selective dolomitization during early diagenesis. 
Broken ooids and polyooids are bound by algal layers with probable calcified 
filaments. In less altered ooids, the nuclei are commonly peloids, abraded bioclasts of 
echinoderms, trilobites and Nuia, plus broken and whole ooids. The ooids with 
trilobites as their nucleii are usually subspherical or even elongate as compared to the 
spherical ooids with pelloid or echinoderm nuclei. 
There are four types of ooids in this microfacies: 1) radial, 2) radial- concentric, 
3) composite, and 4) superficial ooids. The purely radial ooids are usually made up of 
a pelloid nucleus and a radial fibrous calcite (normal to the centre) cortex. Radial ooid 
is less abundant than the others and very difficult to differentiate from spherical Nuias 
cut perpendicular to their axis. 'J!le radial-concentric ooids are the main component of 
oosparites. The cortices of this type are composed of two distinct zones, an inner zone 
of radial fibrous calcite crystals similar to that of the purely radial ooids, with or 
without very faint concentric layers, plus an outer zone of radial calcite crystals 
arranged in concentric envelopes. The radial calcite envelopes of the outer zone 
alternate with thin micritic layers in the spherical well defined ooids but the micritic 
lay~rs are much thicker in the slightly irregular ooids (Fig. 4.7B, C). The number-of 
calcite layers in the outer cortex is variable but normally does not exceed seven. 
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The composite ooids are the second most abundant type, while the superficial 
ooids are relatively rare. Each composite ooid has two or three radial or radial-
concentric ooids forming its nucleus, which is enclosed by one or two concentric· 
layers of radial calcite crystals with micrite partings. The superficial ooids usually 
have large echinoderm nucleii enclosed by one or two concentric layers of fibrous 
calcite crystals (Fig. 4.7B). The alternating micritic layers within the concentric 
envelopes or these two ooids types are irregular in thickness and they are much thicker 
in the slightly irregular ooids than in the spherical ooids. 
Based on the size and compositional correlation between the first three types of 
ooids, it seems likely that the largest composite ooids have gradually developed from 
the smallest -purely radial ooids via the intermediate radiru-concentric ooids. Similar 
types of ooids have been reported from many Cambrian rock units including the 
Warrior Formation, Pennsylvania (Heller et al., 1980); the carbonate oolites· of 
Carteret, France (Poncet, 1984), the Grand Cycl~ Formation of the northern 
Appala~hian and the Port au Port Group in southwestern Newfoundland (Nancy and 
James, 1987). 
4.2.11 Microfacies XI - Biolithite and Limestone Breccia 
Biolithite is an autochthonous reef rock composed of organic structures which 
have grown in place to form a resistant mass (Folk, 1959, 1962). This rock type does 
not include any fragments that have broken off the organic structures. The biolithite of 
the Thu_ng Song Group at Ko Tarutao is commonly surrounded by limestone breccias 
. . 
and coarse poorly washed biosparites which contain angular to subangular rubble 
made up of the remains of in situ organisms. The limestone breccia is composed of 
consolidated angular fragments of limestone, most of which are larger than 2 mm in 
diameter, plus matrix and cementing material (Bissell and Chillinger, 1967). 
Microfacies XI is the least abundant rock type of the Thung Song Group in southern 
Thailand. In the study area, the biolithites are. present only within the third member of 
the Rung Nok Formation at Ko Lae Tong and Ko Sing Ha. 
The biolithites, within thinly bedded grey calcarenites (15-20 cm thick) at the 
base of the third member of the Rung Nok Formation, are composed of both frame-
building and sediment-binding organisms. The ~ormer are a cluster of simple tabulate 
corals and cup-shaped or bulbous stromatoporoi'ds growing in place on the erosional 
surface of the former frame builder or poorly washed biosparite, as well as on 
megaskeletal remains such as nautiloids (Banks, pers. comm., Fig. 4.7D). Sediment 
binding organisms include long chained calcareous algae and possibly also 
stromatolites encrusted around or above the frame builders or megafossils (Fig. 4.8A, 
',. 
Fig.4.8 A. Simple tabulate coral (1) bound by algal encrustation (2). Thin section no. 425.14, the lower part of member 3, the Rung Nok 
Formation. 
B. Algal encrustation and simple tabulate coral from A. 
C. Brecciated limestone with channel porosity (2) lined by radiaxial fibrous cement (3). Most of the breccia (1) is reworked algal 
encrustations. Thin section no. 400.8, the middle part of member 3, the Rung Nok Formation. 
D. Laminar and low domical stromatoporoids (arrow) within biolithite at Ko Lae Tong. The upper part of member 3, the Rung 
Nok Formation. 
L' 
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B). The alternating laminae of the stromatolites comprise faint irregular microspar and 
micrite layers. The sediments surrounding the stromatolites consist of predominantly 
coarse grained biosparites which contain bioclasts of crinoid ossicles and arm plates, 
globular bryozoans, trilobite debris, T etradium,. brachiopods with both valves 
together, occasional partially articulated brachiopods, and peloids (Banks and Burrett, 
pers. comm.). The boundary between the hiolithites and their associated sediments is 
sharp. Cementation of the sediments between the frame-building organisms is more 
extensive than in the reefs themselves. The cementing material within the interparticle 
porosities of biomicrites is mostly cloudy, radial and radiaxial fibrous cement plus rare 
dolomite ceme1H. Blocky cement is usually found infilling intraparticle porosities of 
frame-builders and megaskeletal remains (Fig. 4.7D). The primary porosity of these 
rocks increases upward where extensive cementation is interrupted by a micritic 
infilling layer (Fig. 4.7E). 
The massive limestone in the middle part of the thirµ_member of the Rung Nok 
Formation is composed predominantly of limestone breccias (Fig. 4.7C) and minor 
poorly washed biosparites. The latter have abundant channel porosities infilled with 
cloudy radiaxial fibrous, (some) dolomite and blocky cement. The breccias comprise 
mostly angular to subrounded stromatolitic and sparse crinoidal biosparite intraclasts 
with a maximum size in thin section of 35 x 15 mm and up to 450 x 150 mm in 
' ' 
outcrop. The pebbles are cemented by a limpid, stubby, bladed, cloudy radiaxial 
fibrous, and clear blocky cement within large interparticle porosities (Fig. 4.8C). The 
primary channel porosities (maximum size of 70 x 50 mm) are irregular and have 
commonly developed parallel to bedding. They cut through the rock and are 
concordant with the breccia boundaries over short distances. The cementing material is 
the same as above. 
The upper part of the third member is a massive biolithite composed of laminar 
and low to high domical stromatoporoids (Fig. 4.8D) growing in place on an erosional 
surface of poorly washed biosparite. The latter rock type has an extensive array of 
conical sponges, nautiloids, gastropods, receptaculitids, and random burrows. The 
abundance of interbedded biomicrites as well as the degree of dolomitization increases 
upwards through this' unit. Calcitic dolomite with relict stromatoporoids is the 
dominant rock type at the top of this member. 
4.2.12 Microfacies XII - Dolosparite, Dolomicrite and Dolomite Breccia 
Dolosparite is defined as a sparry dolomite rock containing more than 90% 
dolomite. Based on size analysis, there are four types of dolomite within the Thung 
Song Group in this area: 1) dolomicrite, 2) microdolomite (29-150 µm), 3) 
Fig. 4.9 A. Dolomicrite (gray, 1) interbedded with lenticular limestone (red, 2) and very thin layers of gypsum pseudomorphs (white, 3). 
Stained thin section no. G, the Lae Tong Formation. 
B. Equigranular, idiotopic-hypidiotopic microdolomites showing cloudy centers and clear rims (arrow). They are cross-cut by a 
dolomite veinlet.Thin section no. 498.1 B, the Malaka Formation. 
C. Microdolomite layers (brown) intercalated with micrite layers (grayish green) Thin sectionno. 27.2 F, the Malaka Formation. 
D. Microdolomite infilling burrows. Note the partial (1) and complete (2) replacement of mold-filling spar by microdolomite, and 
unreplaced micrite (dark brown) in between the burrows and molds.Thin section no. 399, the Pa Nan Formation. 
~-. 

61 
mesodolomite (147-400 µm) and 4) megadolomite (>400 µm). Dolomicrite is rare and 
has been found only at one locality within the upper member of the Lae Tong 
Formation at Ao Makham (Fig. 4.9A). At this location it is associated with a micro-tee 
pee structure and layers of calcite pseudomorphs after gypsum. The rock is 85-90% _ 
very fine microcrystalline dolomite (9-30 µm) and 5-10% clay minerals, interbedded 
with red micrite containing abundant pyrite nodules (7 .5% ). 
Microdolomite is the most abundant dolomite type within the lower formation -of 
the Thung Song Group. It occurs as interlaminations or interbeds within other rock 
types in the stromatolite facies of the Malaka Formation, La Nga Formation, and Pa 
Nan Formation; as ripple beds associated with the stratiform stromatolites and 
oosparite of the-Malaka Formation; as a cross-lamination in the lower member of the 
Lae Tong Formation; and as burrow infill throughout the succession. 
Most of the microdolomite in stromatolites and ripple beds are well defined 
rhombs, equigranular, idiotopic to hypidiotopic ~abric, tightly to mode:rately 
interlocking crystals, with or without clay minerals in between rhombs (Fig. 4.9B, C) . 
. Organic matter is abundant and forms what appears to be a bituminous cap on the 
microdolomite layer at several outcrops. The majority of the microdolomite is brown 
and cloudy with some lightly coloured rims (Fig. -4.9B). The crystals with clear rims 
are usually coarser than the dark brown crystals. Microdolomit~ also replaces ooids 
within the oosparite microfacies (Fig. 4.7 A, B, C). 
The microdolomite found within burrows (Fig. 4.9D) is identical to that 
"" associated with the stromatolites, except that some display an increase in grain size 
plus the gradual development of zoned dolomite with iron ·staining towards the bottom 
of the burrows (Fig. 4. lA, 4.5C). 
There are two types of dolomite within the fourth member of the Rung Nok 
Formation. The brown microdolomite (60-200 µm) is cloudy with some clear rim, 
equigranular, hypidiotopic to xenotopic fabric, tightly interlocking crystals without 
clay minerals and a low amount of carbonaceous matter. This dolomite has completely 
replaced the limestone at the top of the fourth member of the Rung Nok Formation. 
The ghosts of peloids, relict structures and dolomite breccia, are also present 
(Fig.4.lOA, C). In the middle part of the fourth member, microdolomite has partially 
replaced the cement and rnicrite of the poorly washed biosparite which has the same 
lithology as the- third member. This lithotype is classified as calcitic dolomite. 
Secondly, in the lower part of the fourth member, the white mesodolomite (160-400 
µm) has partly replaced all components of the poorly washed biosparite (Fig. 4. lOB), 
except for the brown microdolomite. The white mesodolomite has a less equigranular, 
xenotopic fabric, and a partially poikilotopic fabric within the calcite spar. 
Fig. 4.10 
'" 
,, 
A. Brown, equigranular, micro- to mesodolomites with bryozoan relics (arrow). Thin section no. 4ooj, the Rung Nok 
, 
Formation. 
B. Photomicrograph of a stained thin section showing white mesodolomite which has selectively replaced micrite in a poorly 
washed biosparite. Note the abundant algal chains (arrow) within the micrite relicts and/or intraclasts (C).Thin section no. 
400.6, the Rung Nok Formation. 
I 
C. Dolomite breccia with ghosts of peloids (G) cemented and cut by blocky spar (B) in pores and veinlet. Thin section no. 
400.6 B, the Rung Nok H~rmation. 
D. Megadolomite at Ko Laen with saddle dolomite (S) growing in a pore. Note the cloudy centers and clear rims of both 
dolomites although the former one is more distinct. Thin section no. 13.1, the Rung Nok Formation. 
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Dolomite breccias are composed of angular fragments of brown microdolomite 
cemented with large blocky spar. The proportion of breccia to cement is 50-60% and 
40-50% respectively. Breccias are commonly rectangular with a maximum size of 59 
x 110 mm (Fig. 4. lOC). 
Coarse-grained, pink megadolomite is interbedded with poorly washed biosparite 
within the second member of the Rung Nok Formation at Ko Lae Tong and Ko Laen. 
It has an equigranular, hypidiotopic to xenotopic fabric wi~h sweeping extinction of 
saddle dolomite plus relict features of the biosparites. The carbonate rocks at eastern 
part of Ko Laen are completely dolomitized to saddle dolomites (Fig. 4.lOD). 
Chapter 5 
DIA GENESIS 
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The present study of the diagenesis of the Ordovician Thung Song Group 
carbonates, is based mainly on conventional and cathodoluminescence · 
micropetrography as well as on the isotope geochemistry of the carbonate components. 
This chapter is subdivided into cementation, calcite pseudomorphs after evaporites, 
. 
compaction, and dolomitization. 
5.1 Cementation 
There are three types of cements in the Thung Song carbonates: mainly sparry 
calcite (Fig. 5.lA), rare hematite (Fig. 5.4B) and dolomite (Fig. 5.4A, 5.4C). The 
dolomite cement will be discussed later under dolomitization. The sparry calcite 
cement is the main pore filling type in interparticle, intraparticle, moldic and fenestral 
porosities. Three major types of the sparry calcite cementation are recognized: marine, 
meteoric and burial cementation. 
5.1.1 Marine Cementation 
The main cementation features formed under marine conditions in the Thung 
Song Group are as follows: 1) isopachous radial bladed and fibrous cement, 2) 
radiaxial fibrous cement, 3) epitaxial or syntaxial cement rims, and 4) blocky cement. 
These cements are considered to be maijne because they are first generation cements 
(Davies, 1977; Grover and Read, 1983) which predate or alternate with internal 
sediments and micrite infilling. Furthermore, they have similar fabrics to Recent 
marine cement types and their isotopic composition falls within the field of the 
Ordovician marine cements from Nevada (Ross et al., 1975; Rao and Wang, 1990). 
Radial Bladed and Fibrous Cement: Isopachous radial bladed and fibrous 
cements (49-250 µm) are common as interparticle spars within oosparites from the 
cross stratified unit~. of the Malaka Formation and the La Nga Formation (Fig. 5.lA). 
The crystals are non-ferroan calcite, elongate normal to the substrate with pyramidal or 
rhombic terminations. They form radial and isopachous fringes which usually infill 
interparticle porosities but may be followed by blocky spar within the larger pores. 
The bladed and fibrous crystals with rhombic terminations are commonly interpreted 
by many authors as being former Mg-calcites which have precipitated in the sea (James 
" ... ~ . 
./. '-
Fig. 5.1 A. Photomicrograph of a stained oosparite with extensive radial isopachous bladed to fibrous cement. Note the pyramidal 
termination (arrow) of the bladed cement and the selective replacement of oolites by microdolomite (D). Thin section no. 
396,the Malaka Formation. 
~ 
B. Micritic crinoid ossicle and other allochems fringed by well developed fibrous cement (F). Zoned ~olomite cement rhombs 
(black arrow) within crinoid cores are postdated by blocky spar. Bored brachiopod fragment is partly rimmed by micrite (1). 
Syntaxial rims predate the isopachous cement but postdate the micritic rims (2). Radiaxial fibrous cement (3). Thin section 
no. 400.10, the Rung Nok Formation. 
C. Radiaxial fibrous cement (F) within the space chamber of a nautiloid increases in crystal size from the margin (1) toward the 
center. A nautiloid is encrusted by stromatolites (2). Thin section no. 425.11, the Rung Nok Formation. 
. . 
D. 'J'.urbid radiaxial fibrous cement (F) infills an interparticle pore space (1) and occurs as isopachous lining channel porosity (2) 
, followed by brown dolomite cement (3) and blocky cement (4). This rock is representative of reef breccias with a large 
angular, reef fragments (B).Thin section no. 400.8, the Rung Nok Formation . 
. !,._ 
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et al., 1976; James and Ginsburg, 1979; Scoffin, 1987; Wang and Rao, 1990). Under 
cathodoluminescence, radial bladed to fibrous calcite cements show brown dull-to non-
luminescence (Fig. 5.6B) indicating the presence of oxidizing conditions within the 
formational pore fluid (Wang and Rao, 1990). 
Well defined isopachous radial fibrous cements (2-4.5 mm) are found only · 
within the moderately to poorly washed biosparites from the lower part of the third 
member of the Rung Nok Formation. Their precipitation predates micritic infilling but 
postdates micritized envelopes and syntaxial cement rims (Fig. 5.lB). Fibrous 
feature, isopachous geometry, polygonal boundaries between cement fringes, and the 
wide distribution of this cement suggest that deposition occurred in a very early marine 
diagenetic environment rather than a meteoric-phreatic zone (Longman, 1980). 
Isopachous fibrous cements are usually associated with radiaxial fibrous cements. 
Radiaxial Fibrous Cements: Radiaxial fibrous cements (0.5-3 mm) are the 
dominant marine cement within the third member of the Rung Nok Formation. They 
are absent from the other lower formations of the Thung Song Group. These cements 
commonly fill interparticle, intraparticle and channel porosities of poorly washed 
biosparites and biolithites (Fig. 5.lC, D). Cement crystals are turbid and increase in 
size from the pore margin to the centre of the pore (Fig. 5.lC). Radiaxial fibrous 
cement are elongate, mostly normal to substrate and have rounded tips, curved 
cleavage, and wavy extinction (Fig. 5.lC). They radially dispose around limestone 
breccia and constitute isopachous fringes. These cements also occur as isopachous 
crusts within intraparticle porosities and channel porosities (Fig. 5.lC). This cement 
is characterized by converging optic axes and diverging suberystals away from the 
substrate. 
Turbidity in radiaxial fibrous cement may be caused by dolomite microcrystals 
(Lohmann and Meyers, 1977), organic material and other solid impurities (Kendal and 
Tucker, 1973) or fluid-filled microcavities (Kendall, 1985; Saller, 1986). Based on 
the inclusion patterns within crystals, the radiaxial fibrous cements may be composed 
of low-magnesian calcite in inclusion-poor zones and high-magnesian calcite in 
inclusion-rich zones (Kendall, 1985). However, no inclusion zonation or inclusion-
poor zones have been observed within the radiaxial fibrous cement of the Thung Song 
Group. It may ther~fore be concluded that most were originally composed of Mg-
calcite. 
Under cathodoluminescence, radiaxial fibrous cements display a zonation from 
non-luminescence to bright-luminescence within intergranular pore, and dark to light 
brown-dull luminescence in channel porosities (Fig. 5.2A, B). The non-to dull-
luminescence of this cement is considered in this study as being indicative of a marine 
" 
Fig.5.2 A. Photomicrograph showing the sequence of cementation in a limestone J?reccia: 1) micritic rim, 2) syntaxial rim growing at 
the same time with interparticle radiaxial fibrous (2.1) and cavity-filled prismatic cement (2.2), 3) cavity-filled radiaxial 
cement predates the second generation syntaxial rim (3.1), 4) subsequent zoned dolomite cement, 5) and finally 6) blocky 
cement. Thin section no. 400.8, the Rung Nok Formation. 
B. Photomicrograph under cathodoluminescence of A. 
C. Photomicrograph of a poorly washed biosparite showing geopetal fabric (1), boring surface and micritic rims of 
echinoderms (2), and syntaxial rims (3). Micrite infills an interparticle pore after the rim cement (4). Thin section no. 23.8, 
the Rung Nok Formation. 
D. Photomicrograph under cathodoluminescence of C., from a different angle, showing many generations of syntaxial rims and 
dolomite cement: 1) crinoid ossicles, 2) primary non-rim cement, 3) secondary bright and dull rim cement, 4) dolomite 
cement. 
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origin (Wang and Rao, 1989) and/or precipitation close to the depositional interlace. 
Kendal (1985) and Wallace (1987) al-..o proposed a marine origin for similar radiaxial 
fibrous cement of the Devonian rel'f limestone from the Canning Basin, Western 
Australia. 
Epitaxial Cement: Epitaxial or ~yntaxial cement rims are very extensive and 
constitute more than 90% of the cement within the poorly to moderately washed 
biosparites from the first and second mem~rs of the Rung Nok Formation (Fig. 5.2C) 
. Sparry calcite overgrowths (0.1-1.5 mm) in lattice continuity with their host 
echinoderm fragments, extend outwards into the interparticle porosities. These 
overgrowths postdate the micrite envelopes and internal sediments within geopetal 
structures (Fig. 5.2C) and partly predate the micrite which infills the pore spaces. They 
are probably evidence of a marine origin (James and Choquette, 1983), and formation 
contemporaneous with carbonate build-up. 
The single crystal nature. of syntaxial rims (Fig. 5.2C), replacing the formerly 
Mg-calcite crinoidal skeletons reflects "host control" cementation (Glover and Pray, 
1971). Therefore, the syntaxial rims must have consisted of an early Mg-calcite 
cement. James and Choquette (1983) also concluded that syntaxial overgrowths of 
Mg-calcite on echinoderm particles were common phenomena in the shallow marine 
environment of ancient rocks. In contrast, Purdy (personal communication) has 
observed that there is no syntaxial overgrowth on echinoderm fragments in the 
shallow, tropical Recent marine environments with which he'is familiar. 
However, some syntaxial rims around crinoids show an early non-ferroan stage 
and a late weakly ferroan stage within stained thin sections (Fig. 5.12A). Under 
cathodoluminescence, the early non-ferroan stage rim cements are non-luminescent 
(Fig. 5.2B, D, 5.12B) but the late weakly ferroan cements contain as many as four 
' 
subzones of bright-to dull-luminescence (Fig. 5.2D, 5.12B). The non-luminescence 
of the first stage indicates precipitation of rim cements under oxidizing marine 
conditions. However, the compositional cement zones of the late stage favour the 
reducing environment of a late diagenetic stage after burial (Meyers, 1974, Grover and 
Read, 1983) with fluctuation of pore fluids. 
Blocky Cement: Blocky cements (100-600 µm) are common as the products of 
both first and second stages of cementation within fenestral and shelter porosities of 
columnar stromatolites from the Pa Nan Formation and Pa Kae Formation (Fig. 5.3A, 
B, C; 5.7 A). Cement crystals are clear and increase in size toward the centre of the 
pore spaces. As they formed contemporaneously with/or after infilling of internal 
Fig. 5.3 A. Blocky spar (B) with internal sediments (I) in moldic and shelter porosities of the Pa Kae Formation. Calcite crystals increase 
in siz~ from equant spar (arrow) at the pore margins to blocky spar in the centre of pore. Thin section no. 359.1/1, the Pa Kae 
Formation. 
B. Cathodoluminescence photomicrigraph of A. showing non-luminescence of primary equant and blocky cement in 
intraskeleton, moldic and shelter porosities (white arrow) and showing zonation from non to bright of subsequent blocky spar 
at the centre of sheltered porosity. 
C. Blocky cements infilling fenestral porosities of Pa Kae stromatolites postdate crystal silt (S) infilling. Thin section no. 359.1, 
the Pa Kae Formation. 
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sediments, and after equant spar, this indicates an early marine to burial origin for 
these cements. 
So far, no petrographic evidence of the former mineralogy of these blocky 
cements has been observed within the stromatolitic limestones. By comparison, 
Recent carbonate sediments, display a close relations~ip between the mineralogy and 
the environment of deposition (Friedman, 1965). Under deep sea conditions, low-
magnesian calcite is available whereas high-magnesian calcite is dominant in a shallow 
marine environment (Friedman, 1965; Schlager and James, 1978). Thus, it is possible 
that blocky calcite cements in shallow water stromatolites of the Pa Nan Formation 
were originally composed of high-magnesian calcite and those of the Pa Kae 
Formations' deeper water stromatolites were originally low-magnesian calcite. 
Under the cathodoluminescope, most of the cements within small pores, 
including first equant and blocky spars, are non-luminescent. Distinctive cement 
growth zones ~e i:e~tricted to large shelter pores (Fig.' 5_.3B). ~hese zones, from 
oldest to youngest, display non-luminescence, bright-lulliinescence with dull 
. . 
subzones, bright-luminescence, and finally du!l-luminescence at the centre of the pore 
spaces. This sequence of cement zonation is largely related to the increasingly 
reducing conditions of pore fluids from the oxidation of non-luminescent cements in a 
marine environment to the reduction of dull-luminescent and normal bright luminescent 
cements after burial (Meyers, 1974; Grover and Read, 1983). 
Stable Isotopes of Marine Cement: The stable isotope values of the cements, 
thought to be marine in origin, in the limestones analysed in this study range from -3.9 
to -9.5%0 PDB for o18Q and 3.3 to -0.4%0 PDB for ol3C. There is a close 
relationship between this wide range of stable isotope signatures and the environments 
of deposition. The deeper water marine cements of the Pa Kae Formation have o18Q 
values ranging from -3.9 to -7.2%oPDB and o13C values ranging from 3.3 to 1.9:%0 
PDB. The shallow water marine cements of the lower formation have ()18Q values 
ranging from-7.2 to -9.5%oPDB and ol3C values ranging from 0.1 to-0.4%oPDB. 
The isotopic signature of the deeper water marine cements is much heavier than 
for shallow water deposits suggesting relatively low temperatures of formation. This 
provides evidence of deposition in a deeper water environment for the red 
stromatolites of the Pa Kae Formation which app~ar to have been deposited in deeper 
waters than the rest of the Thung Song Group. The isotopic values of the shallow 
water carbonates fall within the range of marine cements from the Ordovician 
limestones of Nevada (Ross et al., 1975) but the isotopic values are lighter than those 
of the Ordovician, Gordon Limestone of Tasmania (Rao, 1990; Rao and Wang, 1990). 
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5.1.2 Marine Vadose or Meteoric Cementation 
Two common categories of meteoric calcite cement are 1) bladed, and 2) equant 
cements. Pendant cements are very rare. These cements are widely distributed in the 
peritidal limestones of the lower formation including the Malaka Formation, La Nga 
Formation and Pa Nan Formation. 
Stubby Bladed Cement: The short stubbly bladed calcite cements are the primary 
cements of the peritidal limestones. They are very small ( <40 µm) and fringe 
allochemical grains in most of the rocks (Fig. 5.4A). They nucleate on the surface of 
. . 
grains and grow outward to produce bladed isopachous calcite rinds. The length to 
width ratio of crystals is small, ranging from 1: 1 to 3: 1 with obtuse pyramid or flat 
pinacoid terminations. They are usually merged or associated with equant spars in 
small pore spaces. Pyramidal terminatio!ls indicate former Mg-calcfres for these 
cements. 
The mode of occurrence of stubby bladed cements is still not ~l~ar. They are one 
of two common varieties of Mg-calcite cement found in shallow marine Belize reef-
limestone (James et al., 1976; James and Ginsburg, 1979). Because of their 
association with meniscus equant cements, they are interpreted as having cemented 
Mg-calcite in meteoric or marine phreatic zones in a tidal flat prior to the precipitation 
of later meniscus cements during short-term sea-level fluctuations or regressions in the 
Lower Ordovician. However, some of them have well developed isopachous rims and 
could have been transported from subtidal areas to these tidal flats by wave action or 
storms. Land (1971) stated that "isopachous" morphology is also a common feature of 
beach rock cement. 
Equant Cement: The second,,stage of calcite cementation involves the equant type 
which ranges in size from 12-150 µm. Equant cement is more common than the short' 
stubby type and it usually occurs as meniscus cement between grain contacts and the 
comers of primary porosities (Fig. 5.4A, C). The equant spar increases in crystal size 
from the pore margin towards the centre of the pore and produces an interlocking 
mosaic (Fig. 5.4A). It also occludes fenestral fabrics within stromatolites (Fig. 5.5A) 
, some burrows, and moldic porosities. The solution enhanced moldic porosities, 
· ... meniscus equant cements, and the coarsening of calcite crystals toward the pore centres 
are distinctive characteristics of early cementation in a fresh water phreatic environment 
(Loucks, 1977; Longman, 1980; Scoffin, 1987). The existence of fenestrae and well 
preserved peloids along stromatolite laminae also indicates early cementation of these 
rpcks on tidal flat, especially in supratidal zone (Shinn, 1983). The original 
Fig. 5.4 A. Meteoric calcite cement in intrasparite with peloids. The first-stage cement is small stubby bladed calcite (1) and the second 
ctement is equant calcite occurring as menicus (2) and coarsening toward the pore centre (3). Blocky cement (4.1) and dol_omite 
cement (4.2) are the last stages of cementation. Thin section no. 402 D, the upper La Nga member. 
B. Hematite cement (black, H) with gypsum (1) and anhydrite (2) pseudomorphs covering the erosional surface (3). Thin section 
no. 5 B, the Malaka Formation. 
C. Pelsparite with equant menicus spar (E), and blocky spar (B) within a large pore. Black minerals are pyrites (arrow). Thin 
section no. 402A, the upper La Nga member. 
D. Luminescent light photograph of C. clearly reveals the meniscus habit (1) of the dull first equant spar, followed by the second 
bright blocky (2) and bright calcite pseudomorphs after gypsum (3) and subsequent very dull blocky spar (4) in the middle of 
a pore. Note the rounding of pore spaces left by meniscus cements, and the slightly bright and brown dull-luminescent very 
small stubby bladed cement (arrow). 
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mineralogy of this equant cement, whose crystal size increases away from the 
substrate, was low-magnesian calcite (Land, 1971; Wilkinson and Janecke, 1982; 
Weiss and Wilkinson, 1988). 
Using cathodoluminescence petrography, the stubby bladed and equant spars as 
well as the first blocky cement within a large moldic porosity (Fig. 5.5C, D) are 
observed to have dark-brown dull-luminescence (Fig. 5.4C, D). Some workers note 
that dull cement forms from reducing pore water with increasing burial (Grover and 
Read, 1983). On the other-hand, Wang and Rao (1990) demonstrated that the dull 
luminescence of the early equant to blocky cement of the Tasmanian Gordon 
Limestone is characteristic of an oxidizing meteoric environment in the phreatic zone. 
Although most of the small intraparticle, fenestral and moldic porosities of the 
Malaka Formation, La Nga Formation and ~he Pa Nan Formation are filled with dull 
meteoric equant cement, there are some equant to blocky spars present in larger moldic 
porosities. These spars display cement zones ranging from very dull to non-
luminescence at the pore margins to dull with zone and bright-luminescence at the 
centre of the pores (Fig. 5.5C, D). This may indicate either: 1) a change in 
composition of the formational water during early cementation, from oxidizing 
meteoric water to more reducing pore fluid, due to the decomposition of organic 
matter, with a high level of Mn shortly after burial (Wang and Rao, 1990), or 2) 
changes in fluid chemistry in response to sea-level fluctuation or rainfall (Longman, 
1980; Wang and Rao, 1990). This may have been associated with the decomposition 
of organic matter on the tidal flats resulting in reducing conditions. 
Pendant Cement: Pendant cements in the vadose zone are rarely observed and 
difficult to recognize under the conventional microscope as they are often overlapped 
by other type of sparry calcite cements. However, pendant cements, an excellent 
indicator of vadose meteoric water precipitation (Longman, 1980; James and 
Choquette, 1984), succeed fibrous, bladed, and stubby bladed marine cements (Fig. 
5.6) with which they have erosional contacts (Fig. 5.6C, D) in large shelter porosities 
under bioclasts and micritic intraclasts of the Malaka Formation. This can be observed 
under either the conventional microscope or the cathodoluminescope. Using the latter, 
brownish-orange dull cement followed by subzones of dull and very dull cement are 
visible as pendant crystals growing downward from the roof of a shelter porosity (Fig. 
5.6). The remaining pore space is filled with brown ,very dull-luminescent calcite 
cement and bright dolomite cement after burial. Some pendant cement crystals have 
~een partly dissolved (Fig. 5.6A, B). 
Under vadose conditions pendant crystals normally formed in peritidal 
Quaternary carbonates (Logan, 1974). They have been reported from peritidal Middle 
Fig.5.5 A. Stromatolites consisting mainly of pelmicrosparite with equant spars within small laminoid fenestrae. Equant calcite crystals 
(1) coarsening toward a pore center of the larger fenestrae. Note the gypsum pseudomorph (2) and brown curved crystals of 
dolomite cement (D).' Stained thin section no. 402 C, the upper La Nga member. 
B. Pelbiosparite from the La Nga Formation showing abundant vadose silt (arrow) within interparticle porosities and blocky spar 
(B) within a possible trilobite mold and shelter porosity. Thin section no. 403.4 B 
C. Blocky cement in moldic porosity showing the coarsening calcite crystals toward the center of the pore (plane light). Thin 
section no. TB, the Malaka Formation. 
D. Cathodoluminescence of C. showing the cement zones from non to .very dark brown (1) to dull light brown with bright 
subzones (2) and bright orange (3) luminescence in the middle of the mold . 
. -·: 

Fig. 5.6 A. Biopelsparite from the Malaka Formation showing an excellent pend~t cement (P) and meniscus cement (M) under mollusc 
shells, postdating small stubby bladed cement (arrow) but predating blue stained equant cement. Stained thin section no. 421 
B 
B. Luminescent light photograph of A. showing dull luminescent stubby bladed cement (1), bright and dull subzone luminescent 
pendant cement (2) and ·meniscus cement (3), and very dull equant to blocky cement (4). Note the incomplete luminescent 
zonation nature of the pendant cement due to dissolution of calcite crystals within the vadose zone.Thin sectiqn no. 421 B 
C. Pelintrasparite with radial isopachous fibrous fringes (1) around allochems and subsequent blocky calcite (2), iron-stained 
dolomite cement (3) in a slightly solution enlarged shelter porosity. Note the calcite pseudomorphs after gypsum (4) and the 
,.,... .... 
rafts of calcareous tubes in peloids (a'rrow). Thin section no. 396 C, the Malaka Formation. 
D. Luminescent light photograph of A. Shelter porosity was filled by coarse'bladed cement with brown dull orange to subzone 
dull lun_iinescence (1). No~e that cement zone occur as pendant crystals hanging from the shelter roof and the erosional surface 
on the base of the pore (2). 
II 
•
 
•
 
•
 
76 
Ordovician carbonates in Virginia (Grover and Read, 1983) and in Tasmania (Rao and 
Wang, 1990). Within the Thung Song Group vadose cements are much less abundant 
than the other cement types. This is due to the fact that vadose deposits are very 
susceptible to erosion on tidal flats (Land, 1977). The original mineralogy of these 
cements was also low-magnesian calcite. 
Crystal Silt: Crystal silt (20-49 µm) floors and fills many interparticle and moldic 
porosities of pelbiosparite from the upper part of the shallowing-upward sequence of 
the La Nga Formation (Fig. 5.5B). It results from internal erosion of host sediments 
and cement crystals under vadose conditions (Dunham, 1969). 
In short, meteoric cementation of the lower formation of the Thung Song Group 
occurred mainly within the active meteoric-phreatic zone rather than in a vadose 
environment. 
Stable Isotopes of Meteoric Cement: It is impossible to separate primary and 
secondary meteoric cements for isotope studies because of their very small interparticle 
pore spaces and very fine grain sizes. Therefore, only equant spars within large 
fenestral porosities have been used for whole-rock isotopic analyses. 
The o18Q and 813C values of these spars range from -11.2 to -l l.8%0 PDB and 
+0.7 to +0.2%o PDB respectively. The fac_rthat these isotope values are lighter than 
those of marine calcite cements is due to isotopic fractionation within a meteoric water 
system with some influence from soil C(h. The o18Q values of meteoric calcites in the 
Thung Song Group are about 2%o PDB less than those of marine cements. The 813C 
values of the meteoric calcites are heavier than normal marine cements but lighter than 
the 813C values of deeper water cements. Isotopic differences between meteoric and 
marine carbonates are largely due to differences in the original isotopic composition of 
formational waters plus isotopic alteration or post-depositional exchange with light 
water of marine sediments during early meteoric diagenesis (Anderson and Arthur, 
1983). 
5.1.3 Burial Cementation 
Burial cements succeeding meteoric cements (Fig. 5.4A), marine cements (Fig. 
5.lC, D; 5.2; 5.3; 5.7), and calcite pseudomoriJtis after gypsum (Fig. 5.4C, D) are 
common within the Thung Song Group. They form up to 30% of all interparticle 
cements and fill 80-100% of the secondary porosities such as moldic (Fig. 5.5C), 
channel (Fig. 5.lD), and fracture (veins) porosities (Fig. 5.7C). 
The burial cements comprise two basic crystal types: clear blocky crystals 
(100-800 µm), and syntaxial rim cements (Fig. 45A, 46A,B, 43), which partially or 
Fig. 5.7 A. Blocky cements (B) fill fenestral porosities and posdate internal sediment 
infilling (S). The internal sediments are micrites and peloids. Thin section 
no. 15, the Pa Nan Formation. 
B. Photomicrograph of a limestone breccia (B) under cross palars. Note the 
blocky spars infilling the channel porosity after white saddle dolomite (1) 
~ 
and isopachous radiaxial fibrous cement (2). Thin section no. 400.8, the 
Rung Nok Formation. 
C. Blocky spars (B) infill a veinlet and are subsequently cross cut by a 
stylolite. Thin section no. 401 B, the Pa Kae Formation. 
D. Photomicrograph of A. under cathodoluminescence, showing zonation of 
. blocky cements in a veinlet from dull-to-bright and non-luminescent 
cements from the margin to centre of the pore. Thin section no. 401 B 
E. Photomicrograph of stained red nodular limestone showing blocky 
-
ferroan calcite cements (blue) in a vein which cuts through gypsum 
laminites (white, G) and dolomicrite (gray, D). Thin section no. G, the 
Lae Tong Formation. 
F. Red nodular limestone (N) from the upper Lae Tong Formation showing 
physical breakage of limestone nodules (1) and dewatering laminations in 
a dark red calcareous shale (2). Thin section no. 401 A, the Lae Tong 
Formation. 
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entirely fill single pore spaces and commonly predate both mechanical and chemical 
compaction. They consist of both ferroan and non-ferroan calcite. Although the non-
ferroan stage is widely distributed, the ferroan stage is rare. Ferroan blocky calcite 
cements usually occur as late stage vein filling spars (Fig. 5.7C, E). Ferroan calcite 
also forms second generation rim cements within crinoida11imestones (Fig. 5.2A, B, 
C; 5.12A). 
The non-ferroan blocky cements of the lower formation have dull luminescence 
(Fig. 5.4D) which is characteristic of deeper burial cements (Choquette and James, 
1987; Rao and Wang, 1990). The non-ferroan and ferroan calcite rims of the Rung 
Nok Formation and the blocky cements of the Pa Kae stromatolites show 
compositional cement-zones from non- to bright-luminescence, as mentioned earlier, 
(Fig. 5.2D, 5.3B) which indicates a transition of cementation from marine to shallow 
burial and then to a deeper burial environment (Meyers, 1974; Grover and Read, 1983) 
On the other hand, the blocky spars which 'infill veins (Fig. 51A,B) consist of 
three generations of cement as observed by Wang and Rao (1989) in the Tasmanian 
Gordon Limestone. Zonation ranges from dull-luminescence·to bright-luminescence 
with a dull subzone and non-luminescence in the middle pan of the frac!ure porosities 
(Fig. 5.7C, D).This zonation indicates compositional changes in the pore fluid under 
reducing conditions during deep burial. There is also evidence of fracture formation at 
this stage. 
Stable Isotopes of Burial Cement: The ~)18Q and Be values of burial cements 
range from -9.3 to -27.4%0 PDB and +0.496 to -3.7%0 respectiveiy. The isotopic 
composition~ of these cements are much more varied than those of meteoric and marine 
calcite cements. The relatively wide range of ()18Q values frpm -9.3 to -27.4%0 PDB 
reflects the progressive diagenesis of the Thung Song Group carbonates during their 
burial history. The remarkable trend of ()18Q depletion without any significant change 
in ()13C is also characteristic of burial cements (Choquette and James, 1987). 
The ()18Q value of blocky cement from the Rung Nok Formation is -9.5%oPDB. 
As this value is close to the isotopic composition of marine cement it tends to indicate 
that the blocky cement precipitated close to the sediment-water interface during shallow 
burial, from either formatioi1 water with a chemical composition similar to that of sea 
water or formation water that was originally sea water. However, the isotopic 
composition of calcite cement in veins or large voids is commonly depleted in 18Q, 
with values ranging from -10.2 to -27.3%0 PDB. This ()18Q depletion reflects 
temperature fractionation after deep burial. 
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5.2 Calcite Pseudomorphs After Evaporites 
Calcite pseudomorphs after gypsum and minor anhydrite are common within the 
Malak:a Formation, La Nga Formation, Pa Nan Formation, and in the lower member of 
the Lae Tong Formation. They comprise about 2-5% of the rock volume in thin 
section. These calcite pseudomorphs indicate that evaporitic minerals were formerly 
present within the Thung Song Group in the study area. They usually occur as either 
scattered single crystals or as clusters of crystals (Fig. 5.4B, 5.5A) but rarely occur as 
concentrations of crystals in very thin layers (Fig. 5.7E). 
Gypsum crystals are prismatic to lenticular and grow both displacively within 
host sediments (Fig. 5.4B, D) and as infilling in fenestral porosities (Fig. 5.5A) 
similar to those observed in ancient peritidal carbonates (Lucia, 1972; Rao, 1990b). 
Some sparry calcite pseudomorphs after evaporites have straight sides and form 
rectangular crystals (Fig. 5.4B) similar to the calcitized anhydrite described by Lucia 
(1972). 
Gypsum laminites, 0.4 to 0.9 mm thick, are found interbedded with dolomicrite 
within the upper member of the Lae Tong Forma.tion (Fig. 5.7E). The laminae contain 
both prismatic and granular crystals. The latter have resulted from in situ breakage of 
the former during progressive crystal growth (Gunatilaka et al., 1980). This feature 
was also reported from the laminites of abandoned tidal channels or evaporite pools in 
the supratidal zone of a Holocene carbonate Sabkha in southern Kuwait (Gunatilaka 
and Shearman, 1988), and from other shallow water sulphate laminites in Canada and 
Italy (Kendall, 1984). 
The displacive growth, fenestral filling habit and corroded outlines of crystal 
surfaces provide evidence for the formation of evaporitic minerals during the early 
stages of diagenesis shortly after the deposition of host carbonate sediments in a tidal 
flat environment. Bright-luminescence of calcite pseudomorphs after evaporites (Fig. 
5.4D) indicates that the evaporites were replaced by calcite after meteoric cementation 
but prior to the precipitation of blocky cements during later burial diagenesis and 
compaction. 
Isotopic analysis was only performed on one sample from calcite pseudomorphs 
after gypsum laminite. It ~as found to have an 3180 value -11.2%0 and a 813C value· 
of -0.8%0 PDB. As the isotopic signatures of gypsum pseudomorphs fall within the 
range of meteoric isotopic compositions this confirms that the early replacement of 
gypsum by calcite occurred shortly after deposition. Scoffin (personal communication) 
also cited that if the gypsum was formed during the deposition of these limesto11es and 
the limestones suffered meteoric diagenesis it is surely almost certain that the 
evaporites will be lost at this stage. 
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5.3 Compaction 
Compaction is defined by Meyers (1980) as any process which decreases the 
bulk volume of a rock. It includes mechanic~ processes that result in closer packing of 
grains, and chemical processes that decrease the volume of both grains and cement 
crystals. 
The Thung Song carbonates were subjected to extensive meteoric and marine 
cementation. This phenomenon preserved most of the carbonates from physical burial 
compaction because of their early lithification (Meyers, 1980; Playford, 1980; 
Bathurst, 1987). Therefore, chemical compaction is more common than physical 
compaction in the Thung Song Group. 
5.3.1 Physical Compaction 
Appreciable physical compaction features, induced by overburden pressure, are 
common in the Lae Tong Formation. These rocks were deposited in a restricted 
lagoonal environment with only limited early diagenetic cementation. The physical 
compaction features in this alternating limestone and calcareous shale sequence consist 
of dewatering laminations within the calcareous shales (Fig. 5.7F), grain breakage and 
dislocation of fossils in the lenticular limestones of the lower member, and plastic 
deformation and breakage of the red nodular limestones in the upper member of the 
Lae Tong Formation. 
Grain Breakage: . Microscopic observations of lenticular limestones reveal breakage 
and displacement of some faunal skeletons (Fig. 5.8A). This post-dates their slightly 
bright cement rims but pre-dates later generation of this cement (dull to dull with zone 
doluminescent cements) as well as micro- to mesodolomite (Fig. 5.8A, B). The broken 
grains were healed by .the second generation of rim cement (dull) and dolomite. 
Sutured intergranular contacts between bioclasts produce a fitted fabric (Fig. 5.8A) 
which is the result of a combination of physical compaction and pressure solution 
(Meyers, 1980; Meyers and Mill, 1983; Bathurst, 1987). 
The breakage of grains and their very thin early cement rims suggests that 
physical compaction occurred shortly after burial. The healing of broken grains by later 
emplacement of secondary cement rims and micro- to mesodolomite rhombs confirmed 
this. Based on the experiJ?ental compaction of i:nany modern shallow water and 
peritidal carbonate sediments, it appears that compaction features form easily in nature 
under as little as 100 m overburden and possibly even less (Shinn and Robbins,1983). 
Fig. 5.8 A. Photomicrograph of a lenticular limestone from the lower member of the 
Lae Tong Formation, showing breakage of fauna! fragments after the 
precipitation of the first cement rims (black arrow) and subsequent healing 
by second generation cement rims (1) and micro-to,mesodolomite (2). 
Note the s~ture between grain contacts (3). Thin section .no. 401 D, the 
Lae Tong Formation. 
B. Cathodoluminescence photomicrograph of A~ showing compositional 
zonation of multi generation cement rims ( 1) and micro- to mesodolomite 
(2). 
C. Red nodular limestone showing preservation of burrow (1), plastic 
deformation (2), and stylolites (3) cross-cutting all components in red 
limestone nodules. Thin section no. 401 A, the Lae Tong Formation. 
D. Poorly washed pelbiosparite showing calcite pseudomorphs after gypsum 
within a birds-eye structure (1), and irregular stylolites enclosing a 
microdolomite lens (2). Thin section no. 6, the Malaka Formation. 
E. Photomicrograph showing th~ common style of stylolites in the Thung 
Song Group: swarms of irregular sutured seam stylolites cutting across all 
components including a veinlet (arrow). Thin section no. 17, the Malaka 
Formation. 
F. Photomicrograph showing common style of stylolites in the Pa Kae 
Formation : a combination of low amplitude, peaked sutured stylolites (1) 
and non-sutured seams (2). Thin section no. 409.8, the Pa Kae 
Formation. 
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However, breakage and deformation of tubular siliceous spicules requires 12,000 m of 
overburden (Shinn and Robbin, 1983) whereas carbonate sands need an overburden of 
up to 1000 m in order to become compacted (Flugel, 1982). However,these figures do 
not seem to correspond well to the presence of i;nicro- to mesodolomite in the Lae Tong 
Formation ·as microdolomite is usually only found in near surface modern 
environments. Therefore, it is possible that the breakage of grains within the Lae Tong 
Formation occurred at shallow burial as mentioned by Shinnand Robbins (1983). 
Breakage and Plastic Deformation of Nodular Limestones: The physical 
compaction features of the red nodular limestones from the Talo Dang Formation and 
the upper member of the Lae Tong Formation are different from the features displayed 
in the lower member due to the fact that the limestone nodules are composed of micrite 
or fossil-bearing micrite. Fossil fragments in the nodules are too far apart to form 
either grain breakages or fitted fabrics as displayed in the other grainy or sparry rocks 
in the lower member. This does not mean, however, that the~e has been no physical 
compaction of the rock. On the contary, the present appearance of the nodular 
limestone itself is diagenetic in origin resulting from the local early cementation of the 
alternating limestone, the critical amount of detrital clay in shale layers and the 
extensive differential compaction during burial (Bathurst, 1987; Scoffin, 1987; Moller 
and Kvingan, 1988). The role of burrows (Eller, 1981; Scoffin, 1987) is less 
significant since the bioturbation is not common. However, biotubation in some layers 
of the Talo Dang Formation gives nodular appearance to bedding. 
Evidence for early cementation of micritic nodules includes the breakage of 
nodules during compaction and the re-arrangement of some broken fragments along 
dewatering laminations; gradational contacts between nodules and calcareous shales 
with fossils crossing the boundaries; thinning and draping of sedimentary and/or 
dewatering laminations around nodules (Fig. 5.7F); and well preserved burrows 
within the nodules (Fig. 5.8C). However, there is also evidence for plastic 
deformation of the nodular limestones. This evidence is in the form of squeezing 
upward features of a micritic droplet which cross-cuts a dewater,ing lamination (Fig. 
5.7F, 5.8C). This indicates that early cementation and lithification of rocks occurred 
locally, even within a single layer, as some parts of nodules remained semi-
consolidated or unconsolidated during an early pl~ysical compaction stage. They were 
then deformed later by shear stress and dewatering processes prior to significant 
compaction (Mills, 1983) after deep burial. There is no evidence to determine where 
did the carbonate released during chemical compaction go to. 
5.3.2 Chemical Compaction 
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Chemical compaction or pressure dissolution features are common in the Thung 
Song Group. There are two distinct types of chemical compaction features: sutured 
seam stylolites and non-sutured dissolution seams. Fitted fabric is very rare and less 
extensive. 
The sutured seam stylolites, outlined by concentrations of black carbonaceous 
matter and clay along seams, are very common in every formation of the Thung Song 
Group. They are usually irregular to peaked stylolites with low amplitude and form 
bedding-parallel swarms (Fig. 5.8C, E, F). The amplitute of peak stylolites are up to 
14 mm wide and 6 mm high. These stylolites normally cut through rock fabric, across 
allochems, cement, matrix and calcite veinlets but not cross micro- to mesodolomite 
layers. Instead, they tend to form selectively along contacts between limestone and 
microdolomite layers and/or around microdolomite lenses (Fig. 5.8D). This is because 
the non-hydrostatic stress at the boundary between the limestone and microdolomite 
units is at a maximum (Buxton and Sibly, 1981). The cross-cutting re!ationship 
between stylolites and rock fabric indicates that stylolites were formed in a late burial 
diagenetic environment (Bathurst, 1975). 
Non-sutured dissolution seams occur in the upper Lae Tong member (Fig. 
5.8C) and the Pa Kae Formation (Fig. 5.8F). In the Pa Kae Formation they form 
smooth, undulose seams of clay minerals and organic matter which lack the sutures of 
stylolites (Bathurst, 1987). It is difficult to determine wh_ether the non-sutured 
dissolution seams of the upper Lae Tong member are actually non-sutured seams or 
physical compaction features. Due to the presence of broken nodules, gradational 
contacts and fossils cross-cutting boundaries, it is clear that some nodules or at least 
some parts of nodules are the products of physical compaction after early cementation 
(Fig. 5.7F). However, other nodules, with sharp boundaries that truncate fossil 
fragments (Fig. 5.7F, 5.8C) and microstyJolites, are suggestive of chemical 
compaction during a later stage of burial. 
5.4 Dolomitization 
Dolomitization is generally recognised not only as a process of secondary 
replacement ~of calcium carbonate by dolomite from a solution supersaturated with 
respect to dolomite (McKenzie et al., 1980; Morrow, 1982), but also as an early to late 
diagenetic dolomite cementation from various types of pore fluids including near 
normal marine, mixed meteoric-marine, and meteoric water (Kaldi and Gidman, 1982; 
Rosen and Holdren, 1986; Mirchell and Miser, 1987), plus warm migrating pore 
fluids (Beales, 1971; Choquette, 1971; Mattes and Mountjoy, 1980). 
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Throughout the Thung Song Group dolomite occurs as both a replacement phase 
and a cement phase. Based on the mode of occurrence, shape and size of its crystals, 
plus its stage of formation, dolomite can be subdivided into four categories: 
· microcrystalline dolomite, medium crystalline sucrosic dolomite (mesodolomite), 
megadolomite and dolomite cement. 
5.4.1 Microcrystalline Dolomite (Microdolomite) 
, 
Microcrystalline dolomite (6-150 µm) comprises brown, equigranular, 
hypidiotopic to idiotopic crystals scattered throughout unaltered limestone or occurring 
as mosaics of crystals. This type of dolomite forms layers or lenses in the lower 
members of the Thung Song Group. The three distinctive modes of occurrence of 
microdolomite are as 1) dolomite laminations within stromatolitic microfacies I, 2) 
microdolomite along cross-laminations, and 3) burrow-filling microdolomite. 
' -Microdolomite laminations: Most of the rocks from the Malaka Formation, 
shallow-upward sequences of the La Nga Formation, and the Pa Nan Formation 
consist of microdolomites interlayered with limestones on a centimetre or millimetre 
sc~e (Fig. 4.1, 5.9A). These couplets commonly form as irregular to smooth laminites 
with minor mound shaped stromatolitic structures. Dolomite layers are composed of 
silt-sized microdolomite crystals in between which are variable amounts ·of clay and 
dark gray to black organic matter (Fig. 5.9C). Crystal sizes range from 6 to 60 µm in 
fine laminations and from 20-100 µm in coarse ones. Fairchild (1980) thought that the 
smallest crystals are closest to the original crystal size (6 µm). 
Some layers display mudcrack patterns on bedding surfaces (Malaka laminites) 
which are usually associated with fenestral and gypsum pseudomorphs (Fig. 5.9B, C, 
D).Under cathodoluminescence, most of the microtlolomite crystals display bright 
cores and non-luminescent rims (Fig. 5.9D). This is because the microdolomite 
formed initially in a reducing environment during the decomposition of organic matter 
within stromatolites-rich laminae (Gebelein and Hoffman, 1973), and was later 
exposed to an oxidizing environment. Many ancient peritidal and subtidal 
microdolomite laminations have been reported by a number of geoscientists (Davis, 
1966; Kepper, 196~~ Gebelein and Hoffman, 1973; Fairchild, 1980; Gasieviez, 1987; 
Rao and Wang, 1990). They concluded that microdolomite laminations result from 
either primary precipitation from sea water (Kepper, 1966) or penecontemporaneous 
replacement of aragonite and calcite in microbial-rich laminae by Mg-rich brines or 
mixed water after the deposition and decomposition of organic-rich stromatolitic 
layers. However, there is no modern analogue of microdolomite laminites. , 
Fig. 5.9 A. Brown micro dolomites (1) interlayer with micrite, intrasparite and 
pelmicrosparite. Note microdolomites (2) and blocky spar (3) filling in 
burrows. Thin section no. 396 C, the Malaka Formation. 
B. Microdolomite in burrows (1) and interareas (2) of columnar 
stromatolites. Thin section no. PN, the Pa Nan Formation. 
C. Photomicrograph ofpelsparite (P) interlaminated with microdolomites (M) 
. Note the calcite pseudomorphs after gypsum (arrow). Thin section no. 
403.3A, the Malaka-Pa Nan Formation. 
D. Cathodoluminescence of C. showing bright cores (B) and non-
luminescent cores (N) of microdolomite. Microdolomite crystals cross-cut 
gypsum pseudomorphs (arrow). 
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Several pieces of evidence, including small crystal size, bright- and non-
luminescence, total dolomitization within sharply defined alternating layers of 
microdolomite and limestone, the association of fenestrae, mudcracks, and gypsum 
with the Thung Song's dolomite suggest a very early stage of dolomitization. 
Therefore, Thai Ordovician microdolomite laminites possibly originated from 
penecontemporaneous replacement of algal-rich layers within stromatolites during.an 
early diagenetic stage after the deposition in a~ area between a supratidal and an upper 
intertidal environment where stratiform stromatolite is abundant as on modern tidal 
flats at Andros Island (Hardie and Ginsburg, 1977), the Persian Gulf (Shinn, 1983) 
. . 
and Shark Bay (Logan et al., 1964). Some coarser microdolomite crystals have clear 
rims (Fig. 4.9B) indicating later replacement or partly neomorphism of original 
microdolomites after burial (Land, 1980). 
The dolomitizing fluids in a tidal flat area covered by stratiform stromatolites 
should be either a mixture of fresh and marine water (Hanshaw et al., 1971; 
Badiozamani, 1973; Land, 1973) or a hypersaline brine resulting from seepage 
refluction (Adams and Rhodes, 1960) and evaporative pumping (Hsu and 
Siegenthaler, 1969). Based on the isotopic compositions of dolomite, ranging from -
7.1 to -13.8%0 for ()18Q and +2.1 to -0.4%0 for ()13C, the dolomitizing fluids which 
produced the microdolomite laminites are mixed waters because these isotopic 
compositions are lower than those of marine dolomites with carbonate buildup (ol8Q = 
-3.1 to -8.3%0 PDB, ()13C = + 1.5 to -0.7%oPDB) and they are also low~r than the 
postulated Ordovician seawater value(-4.6%0, Rao and Wang, 1989). The extensive 
evaporation associated with the. Sabkha model should result in increased oxygen 
isotope values for microdolomite above that of normal seawater (McKenzie, 1980; 
McKenzie et al., 1980). However, the 813C values of microdolomite laminites W!!S 
higher than those derived from soil gas or decaying organic material (range from -15 
%oPDB; Humphrey, 1988). This indicates the minor role of meteoric ground water in 
this mixing zone dolomitization. Stoessell et al. (1989) suggested that the mixing-zone 
model for dolomitization can be extended to a much higher salinity than the widely 
accepted "Dorag" model. 
This interpretation of a mixed-water model seems to be contradicted by the 
presence of gypsum pseudomorphs in sn:omatolites and associated microfacies of the 
Thung Song Gr~:mp. However, gypsum ~nd other evaporitic min~rals can occur and 
are partly preserved in Recent wet and dry climate of tropical and subtropical regions. 
The microdolomite lamination along columnar stromatolitic structures and intercolumn 
areas of the shallow subtidal, Pa Nan stromatolites, are possibly evidence of the 
transportation of mixed-water dolomitizing fluids offshore. The depletion of oxygen 
isotope values from -7.1%0 to -13.7%0 PDB is possibly the result of an elevation in 
'·' 
Fig. 5.10 A. Photomicrograph of a half stained thin section (left diagonal) showing detrital microdolomite (white spot) along hummocky 
cross-laminations. Note 1) synsedimentary microfault oblique cutting a lamination, 2) intraclasts of the same rock. Thin 
section no. 13.5, the lower Lae Tong member. 
" B. Photomicrograph of a stained thin section of the same rock as A. but taken from a different layer, showing a burrow (B) cut 
through a detrital dolomite layer and filled with clay, dolomite and micrite. Note the angularity of the microdolomite grains 
with partially preserved crystal faces (2), and pyrite (3). Thin section no. 404 F, the lower Lae Tong member. 
C. This stained section shows selective replacement of micrite breccia by mesodolomite (white) leaving the fibrous and blocky 
spar (red) unaffected. Note the floating incipient dolomite (1), the complete dolomitization of some micrite grains (2), and 
the dolomite veinlet (3). Thin section no. 400.6, the Rung Nok Formation. 
D. Photomicrograph (cross-polars) of a poorly washed biosparite shows extensive replacement of micrite infilling and void-
filling spar (arrow) by mesodolomite. Note the minor bioclast relicts. Thin section no. 400.7, the Rung Nok Formation. 
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temperature and the re-equilibration of some microdolomite crystals with pore fluids 
during neomorphism after burial. 
Microdolomite Along Cross-Laminations: This type of microdolomite is found 
interlayered with micrite along hummocky cross-laminations (Fig. 5. lOA) in the lower 
member of the Lae Tong Formation. Wave ripples on top of bedding are common. 
Dolomite laminae consist mostly of angular to subrounded microdolomite grains (10-
15 µm, Fig. 5.lOB) plus subangular to rounded detrital quartz, feldspar (20-90 µm, 
<10%) and mica grains. Some microdolomite grains are polycrystalline and broken, 
displaying only partly preserved crystal faces and silica replacement. 
Microdolomite laminae are cross cut by synsedimentary microfaults (Fig. 5.lOA) 
and burrows (Fig. 5.lOB) which are also infilled with angular microdolomite grains 
and clay minerals. The burrows are randomly orientated. Small pyrite crystals are 
abundant and usually lie along laminations. These features indicate 
penecontemporaneous deposit of microdolomite in a reducing lagoonal environment.~ 
On the other hand, under cathodoluminescence microdolomite is non-
luminescent suggesting that dolomitization involved oxidizing fluids. Due to the 
characteristic_ detrital features of the grains and their accumulation along hummocky 
cross-laminations, this type of microdolomite is possibly a detrital dolomite which was 
transporte<d from an oxidizing environment by strong winds or storms and deposited 
within a restricted lagoon. Isotopic studies also support this hypothesis. Oxygen 
isotopic values of the Lae Tong detrital dolomites range from -7 .6 to -l l .3%0 PDB and 
carbon isotope values range from +0.1 to -l.l%oPDB. The oxygen isotope values fall 
within the range of mixed-water microdolomite laminites but the carbon isotope values 
are lighter. This indicates that the detrital dolomite either originated in the mixing zone 
of a tidal flat environment, with only limited influence from the stromatolites, or 
underwent later re-equilibration with reducing fluids in a lagoon. 
Burrow-replacing Microdolomites: Although this category of microdolomite 
has similar characteristics to the microdolomite laminites, it does differ however in its 
mode of occurrence and timing. Burrow-filling microdolomites commonly fill both 
vertical (Fig. 4. lA, 5.9A) and random burrows (Fig. 4.9B, 5.9B) in the lower 
formation of the Thung Song Group. In the Pa Nan Formation, this type of 
microdolomite also replaces both carbonate sediments within channels between 
stromatolitic columns (Fig. 5.9B) and calcite spar in molds of gypsum (Fig. 5.9D), 
and it may also partially or completely replace fau~a (Fig. 4.9D). However, micrite in 
between burrows and molds is not dolomitized. There is therefore strong evidence for 
· shallow burial replacement of calcite by microdolomite after recrystallization and/or 
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dissolution of skeletal grains followed by spar-filling mold in the meteoric phreatic 
zone. Kendal (1977) also suggested that dolomitization of dolomite mottling in 
Ordovician limestone from Canada is early shallow burial dolomitization of permeable 
solf sediments within burrows and moldic porosities posdating the early diagenetic 
cementation of host rocks. He proposed that the dissolution of magnesium calcites 
during stabilization stage is a source of magnesium. 
Burrow-replacing microdolotnites within the vertical burrows of the Malaka and 
La Nga Formations were localized by differences in sediment porosity and 
permeability during deposition (Morrow, 1987). Where vertical burrows penetrate 
from microdolomite laminar deep into limestone layers. There is a gradual increase in 
crystal size, which ranges from grains equal in size to those of the microdolomite 
laminar at the top of the burrows down to coarser iron-rich zoned micro- to 
mesodolomite grains at the bottom of the burrows, with relicts of calcite spar in 
between the micro-dolomite crystals (Fig. 4.IA, 5.9A). This should be the indicator of 
either long existence of dolomitizing f,luids within burrows from penecontemporaneous 
_ stage in a peritidal environment to later diagenetic stage (Rao, pers. comm.) or those 
penecontemporaneous microdolomite crystal forming nuclei for the selective 
precipitation of late diagenetic dolomites from dilute subsurface solutions (Morrow, 
1987). 
Rao (1990b) pointed out that the dolomitizing fluids passing through the upper 
surface of peritidal carbonate sediments replace burrows and mudcracks, seep' 
_ downwards to form mottle dolomite and extends into bottom-moving solutions_to form 
laminar dolomite. This statement is confirmed by isotopic analyses of various 
microdolomites from the Thung Song Group. The fact that the isotopic compositions 
of burrow-filling microdolomite, -9.6 to -10.8%0 PDB for ()18Q and +1.9 to +0.5%o 
for o13C fall within the ranges for microdolomite laminites suggest that there is a close 
relationship between the formational water of these dolQmites, all three of which may 
possibly have formed from the same fluid. 
In brief, microdolomite of the Thung Song Group resulted from either later-early 
diagenesis or the penecontemporaneous replacement of carbonate sediments within 
stromatolite laminae and burrows, by mixed-dolomitizing fluids shortly after 
deposition, followed by the neomorphism of some crystals in a later diagenetic stage 
after burial. Some of t?e dolomite was subjected to erosion and transportation during 
storms from a tidal fiat environment to a nearby restricted lagoon where it was 
deposited as qetrital dolomite. 
5.4.2 Medium Crystalline Sucrosic Dolomite (Mesodolomite) 
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Some details of the petrography of this type of dolomite have been mentioned 
earlier under microfacies XII. The most significant features which allow interpretation 
of the diagenetic events involved in the formation of mesodolomite are as follows: 
1. In general, mesodolomites are rather uniform in texture. They comprise 
brown, equigranular to bimodal, hypidiotopic to xenotopic (Fig. 5.IOC, D; 5.llA, C), 
tightly interlocking mosaic, inclusion-rich crystals, commonly ranging from 60-200 
µm and 12,0-400 µm. The crystals have compromise boundaries (Fig. 5.1 lA). 
2. Mesodolomite crystals have cloudy -centres surrounded by clear rims (Fig. 
5.1 lA). The cloudiness of the crystal centres is due to the presence of very small red-
staining calcite inclusions. 
3. The ~im?dal grain size and white to brown colour, suggests that there has 
been more than one phase of dolomitization. · 
4. Based on relicts and ghost structures, it is clear that the precursors of 
mesodolomites are biosparites, peJsparites, limestone breccias (F_ig. 5.IOC, D) and 
minor biolithites. 
5. The sucessive stages involved in the dolomitization process are visible within 
the fourth member of the Rung Nok Formation. These stages are represented by 
changes in the dolomite-calcite ratio from limestone at the bottom of sequence through 
partially altered limestone in the middle (Fig. 5.IOC, D) to calcite-free pervasive 
dolomite (Fig. 5.11 C) at the top of the sequence. The selective replacement of the 
micrite matrix and cement spar by mesodolomite in the lower part of this member 
usually leaves the bioclasts unaffected (Fig. 5. lOC, D). 
6. The common order of susceptibility to dolomitization from the most to the 
least susceptible is as follows: micrite matrix and.micritic breccias, peloids, blocky 
spars and syntaxial rims, and skeletal components. Bullen and Sibley (1984), Malcolm 
(1987) and Rao (1990b) suggested that crystal size plays an important role in ordering 
dolomitization. This is confirmed by strongly fabric selective replacement of small 
incipient dolomites which float within micrite breccias (Fig. 5. IOC), and crinoidal 
relicts within crinoidal dolomite (Fig. 5.lOD) in the Rung Nok Formation. 
7. Mesodolomites are usually re-replaced by low magnesian calcite (Fig. 5.1 lA, 
C) leaving irregular dedolomitized calcite patches of equant spars with some unusual 
sphere habits (Fig. 5.1 lA) in the upper part of the sequence. 
Certain features, such as the replacement of blocky an\i syntaxial cements by 
•f; 
mesodolomite; a pervasive dolomite sequence, and crystal size suggest that this rock 
type resulted from burial dolomitization. Based on the fact that mesodolomites (Fig. 
5.lOD) are cross-cut by stylolites, the dolomitization probably started early (small 
incipient dolomites) and was completed at a moderate depth following burial and 
lithification but before significant compaction of the carbonate sediments. 
( 
Fig. 5.11 A. Dedolomitization of mesodolomite from the fourth member of the Rung Nok Formation showing the unusual habit of 
rounded dedolomitized calcite crystals (1), calcite replaced dolomite (2), dissolution of calcite inclusions within dolomite 
rhombs (3), and crystal with cloudy centres and clear rims (4). Thin section no. 400.3, the Rung Nok Formation. 
B. Cathodoluminescence photomicrograph of A. Note the dull centres and bright rims (1) of the dolomite crystals and dull with 
zone of dolomite (2) surrounding dedolomitized calcites. 
C. Photomicrograph of a stained thin section showing complete dolomitization in the fourth member of the Rung Nok 
Formation, 1) dedolomitized calcite patches (red), 2~ hypidiotopic to xenotopic crystals of mesodolomite, and 3) crystals 
with cloudy centers and clear rims. Thin section no. 400.3, the Rung Nok Formation. 
D. Extensive replacement of poorly washed biosparite by cloudy, xenotopic megadolomite and which is subsequently cut by a 
dolomite veinlet (arrow). Tllin section no. 23.,7, the second member, the Rung Nok Formation. 
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Under cathodoluminescence, mesodolomites show compositional zonation (Fig. 
5.1 lB) suggesting a change in the composition of the dolomitizing fluids through 
time. The majority of small crystals with cloudy centres and clear rims have non-
luminescent centres and bright rims whereas the larger crystals with less cloudy centres 
are dull with zoned rims and some have small brighter centres. This indicates a timing 
ove!-"lap between the first and second phases of dolomitization. The small bright cores 
of the larger mesodolomite crystals would have occurred penecontemporaneously with 
the bright rims of the small mesodolomite crystals during the later phase of 
dolomitization. 
Sibly (1980) and Morrow (1982) suggested that the cloudy centre and clear rim 
phenomenon of dolomite crystals may be representative of the evolution of 
dolomitizing fluids from a near calcite saturation stage at the beginning to a later calcite 
under-saturation stage as grain growth continues under the influence of mixed-water 
diagenesis. However, isotopic analyses of Thung Song Group mesodolomites do not 
support the mixed-water model. Dolomite crystals have oI8q values ranging between -
3.1 to -8.3%0 PDB and o13C values ranging between +1.5 to -0.7%0 PDB. It is clear 
that the isotopic compositions of these mesodolomites within buildups (?) have much 
higher ()18Q values compared with other mixed water microdolomites of peritidal 
deposits (-7.1 to -13.8%oPDB) as mentioned earlier, 
This also indicates that the dolomitizing fluids of mesodolomite have a 
. -
composition similar to sea water, probably with a subtidal or marine pore fluid origin. 
However, petrographic evidence suggests late diagenetic dolomitization involves the 
replacement of late calcite cements by mesodolomites. Furthermore, Land (1980) 
stated that as interstitial fluids alone are insufficient to produce the dolomitization of 
massive dolomites, active hydrologic transport of large amounts of magnesium is also 
required. Therefore, dolomitization of the fourth member of the Rung Nok Formation 
may have occurred during a shallow burial stage under the influence of sea water 
percolating through lithified sediments from the sediment and water interface as of 
subsurface dolomite from Enewetak Atoll (Saller, 1984). Cloudy centres_ and clear 
rims are a product of neomorphism during progressive stabilization of mesodolomite 
by the same fluids (Land, 1980), regardless of whether they are marine, hypersaline or 
mixed waters. 
5.4.3 Megadolomite 
Dolomitized biosparites interbedded with p~rly-washed biosparites occur within 
the second member of the Rung Nok Formation. Fabric selective megadolomites 
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·occur irregularly and are variably distributed (generally <40%) within dolomitized 
biosparites. However, some poorly-washed biosparites are also slightly dolomitic, 
containing less than 5% megadolomite on average. Permeability and porosity should 
play a major role in the dolomitization of these two rock types because both have the 
same lithology with just differing amounts of micrite and degrees of dolomitization. 
Most of the megadolomites are uniform in texture and composed of 17 5-1600 
µm dolomite crystals. They are cloudy, inequigranular, xenotopic dolomite crystals 
(Fig. 5.llD, 5.12A), which occur either individually or in clusters up to 3.75 mm in 
size. Crystal sizes vary widely. It appears that the coarser dolomite crystals grew by 
the replacement of micrite, in contrast to those crystals that developed on other grains 
such as bioclasts and calcite cements. Individual crystals contain submicroscopic 
inclusions, look like micrite, and have undulose to sweeping extinction under crossed 
polars. Megadolomite fabric selectively replaced the micrite matrix after precipitation or 
enlargement of the later deep burial syntaxial rims as indicated by the transection of rim 
cements and bioclasts by mesodolomites, and micrite ghost within dolomite crystals ·· 
(Fig. 5.12A). Under cathodoluminescence, megadolomites show-red mottled bright-
luminescence which post-dates the orange, bright and dull compositional zonation of 
the second and later generations of syntaxial calcite rims (Fig. 5.12A, B). Cross-
cutting relationships and cathodoluminescence indicate that megadolomites developed 
late after burial and lithification of the original carbonates under reducing conditions. In 
the rare completely dolomitized layers (massive dolomites) at Ko Laen, megadolomites 
have similar features to the mesodolomites but they have larger grains and form 
abundant void-filling saddle dolomites (Fig. 5.12C). Cathodoluminescence of this 
dolomite results in the same bright-luminescence for hypidiotopic to xenotopic 
megadolomites and a further non-luminescent zone at saddle dolomite rims (Fig. 
5.12D). 
The compositional zonation of saddle dolomites could be an indication of the 
fluctuation of oxidizing fluids into pore spaces during deep burial: The presence of 
saddle dolomites _as void linings suggests that the development of megadolomite 
involves progressive neomorphism from smaller grains at shallow depth to larger 
megadolomites and saddle dolomites (both xenotopic and curved crystals) under 
deeper burial at temperatures greater than 60°C (Radke and Mathis, 1980; Gregg, 
1983). However, Gregg and S_ibly (1984) stated that at tempertures exceeding 50°C, 
carbonate texture is xenotopic whereas at lower temperature idiotopic text~re is more 
common. The low ()18Q value of this dolomite also suggests relatively high 
temperatures of precipitation (()18Q = -9.9%0, ()13C = -0.6%0 PDB). 
Based on assumptions about the effects of temperature fractionation upon the 
isotopic signature of xenotopic dolomites, the original signature of dolomitizing fluids 
Fig. 5.12 A. Photomicrograph of a stained thin section of selectively dolomitized crinoidal, poorly washed biosparite s~owing the ferroan 
calcite zoned cement (blue) of syntaxial rims (1): megadolomite replaced rim cement (2) micrite (3), and bioclasts (4). Thin 
section no. 22.8, the Rung Nok Formation. 
B. Cathodoluminescence photomicrograph of the left part of A. showing the non to bright subzone luminescence of syntaxial 
rim cement and the red dull- to bright-luminescence of dolomite. Thin section no. 23.8, the Rung Nok Formation. 
C. P~otomicrograph of the completely dolomitized biosparite to megadolomites with a similar te~ture to other mesodolomites 
(Fig. 5.10 C).They have clearer bimodal grain size, darker cloudy centers (1), and more coarser crystals than the others. 
Note the void-lying saddle dolomites with rhombic terminal and curved faces projected into black carbonaceous matter 
within large voids. Thin section no. 13.1, the Rung Nok Formation at Ko Laen. 
D. Cathodoluminescence photomicrograph of C. showing red dull to bright luminescent megadolomite and the non luminescent 
rim of saddle dolomite (arrow). 
ii 
95 
should be much heavier than this, therefore, the dolomitizing fluids are possibly 
marine in origin (?) as are those of the mesodolomites. 
s:4.4 Dolomite Cement 
The Thung Song Group displays two common categories of dolomite cements 
within the study area. These are xenotopic dolomite cements and saddle dolomite 
.cements. 
Xenotopic Dolomite Cement: Xenotopic dolomite cement (up to 250 µm) occurs 
rarely as an interparticle cement of peritidal limestone: oosparites, intrasparites and 
some stromatolites from the La Nga Formation, Malaka Formation, and Pa Nan 
Formation (Fig. 5.13A). It is commonly composed of non-ferroan dolomite with 
undulatory or sweeping extinction under crossed polars. Crystals may be cloudy or 
relatively clear with a white to brown co.lour in thin section. 
Xenotopic dolomite cements usually form after the primary radial bladed and/or 
isopachous fibrous cements and the secondary blocky cements. In many thin sections, 
dolomite cements appeared to have occurred penecontemporaneously with large blocky 
spars. Boundaries between dolomite cement and former calcite cement are usually 
sharp although dolomite cement occasionally replaces the upper part of the calcite 
cement (Fig. 5. l 3A) before filling up the remaining pore space. Xenotopic dolomite 
cements post-date evaporite pseudomorphs. 
Under cathodoluminescence, xenotopic dolomite cements display very dull-
luminescence indicating strong reducing conditions for the dolomitizing fluids. 
Xenotopic dolomite cements must have formed after extensive lithification because 
they post-date all types of calcite cement including the burial blocky spars. There is no 
evidence that stylolites cross-cut xynotopic dolomite cements. This may provide 
evidence that dolo.mite cements form at a moderate· depth in a late diagenetic 
environment. Beales (1971) reported the occurrence of a similar white sparry dolomite 
cement in the Middle Devonian Presquiile Dolostone at Pine Point Mine, Canada. He 
suggested that basinal, warm, saturated, saline fluids were responsible for this type of 
cement. 
No isotopic analyses have been performed on this dolomite cement due to its 
very small crystal size plus the association of xenotopic dolomite cements with other 
microdolomites in peritidal limestones. 
Saddle Dolomite Cement: Saddle dolomites are widespread within the second and 
fourth members of the Rung Nok Formation. The two common modes of occurrence 
Fig. 5.13 A. Photomicrograph of a stained thin section showing the selective 
replacement of ooids by xenotopic microdolomite (1), and less cloudy 
xenotopic dolomite cement (2) within intergranular porosities. Dolomite 
cements fill pores after radial bladed (3) and blocky (4) calcite cements. 
Thin section no. 398.2 B, the Malaka Formation at Ko To Sen. 
B. Photomicrograph of a stained thin section showing individual dolomite 
crystals and clusters of incipient dolomite crystals (1) within intraclasts 
whereas saddle dolomite (2) infill a veinlet. Note the dedolomitization of 
the saddle dolomite (3). Thin section no. 400.8, the Rung Nok 
Formation. 

97 
of saddle dolomites are 1) void-filling, and 2) fracture-filling within dolomite or 
dolomitic limestones. Both share a common character but differ in colour and zonation. 
Void-filling saddle dolomites are relatively coarsely crystalline (up to 5 mm), 
light brown to white in colour with slight inclusion bands. They are characterized by 
sweeping extinction, curved crystal faces, and well defined euhedral crystal boundaries 
(Fig. 5.12C). Saddle dolomites contain variable amounts of inclusion which may give 
crystals a zoned appearance. Contacts b~tween saddle dolomite and its dolomite host 
are unclear. There is a gradual change from hypidiotopic or xenotopic meso- to 
megadolomites to larger saddle dolomites with the sharp termination of curved crystals 
toward the centre of vugs. Fracture-filling saddle dolomites have similar characteristics 
to the void-filling type but they have sharp zones and a milky white colour .(Fig. 
5.13B). 
Under cathodoluminescence, saddle dolomite crystals have red bright cores with 
zones of bright- and non-luminescence at their rims. Based on petrographic studies, it 
is clear that saddle. dolomites are epigenetic i'n origin occurring long after the 
lithification of the host rocks in a late burial diagenetic environment. Radke and Mathis 
(1980) suggested that saddle dolomites were precipitated from high pH and ionic 
concentrated fluid at elevated temperatures ranging from 60-150°C. Machel (1987) 
confirmed that saddle dolomites form at elevated temperatures from hypersaline brines. 
He also proposed that the dolomites were by-products of chemical compaction and 
thermochemical sulphate reduction in subsiding dolomitized rocks. Buchbinder, 
Magaritz and Goldberg (1984) demonstrated that saddle dolomite and host rocks have 
a similar isotopic pattern. 
Both void and fracture filling saddle dolomites in the Thung Song Group have 
()18Q values ranging between -11.9 and -20.8%0 PDB, and ()13C values ranging 
between +0.4 and -0.6%0 P~B. Saddle dolomites have much lighter values than the 
other types of dolomites including the host rocks. This suggests that precipitation 
occurred at elevated temperatures during a deep burial diagenetic stage. The lightest 
()18Q value indicates a precipitation temperature of around 142°C which lies within the 
range of-Radke and Mathis's experimental data (1980). The bright cores (bright to 
dull) and zonal luminescent rims of the crystals document the fluctuation of the 
dolomitizing fluids from a deep burial diagenetic environment through fracture zones 
during subsidence of the basin of deposition. 
Chapter6 
DEPOSITIONAL ENVIRONMENTS 
98 
Based on the lithostratigraphic, sedimentologic, and palaeontologic evidence (as 
discussed earl.er, Appendix 4,5); the depositional environments of the Thung Song 
carbonates are described in ascending stratigraphic order. The depositional 
environments of the Pa Kae Formation will be discussed later in chapter 7. 
6.1 The Malaka Formation 
The rocks of the Malaka Formation are mostly thin laminated stratiform 
stromatolites with some small domal structures (Fig. 3.4B, 4.1, 6.lA). They are 
made up of the interlamination of 3 distinct mic:rofacies: pelmicrosparite, micrite, and 
microdolomite. Bioclasts within the bottom.portion of the sequence are either absent 
~. or limited, with only a small amount of very fine and broken skeletal material. The 
occurrence of abundant vertical worm burrows (Fig. 3.4C), mudcracks (Fig. 3.4D, 
6.lB), pendant and meniscus cement (Fig. 5.6) indicates intermitent flooding and 
subaerial exposure. The intercalation of occasional thin layers of minor biosparite, 
graded intrasparites (Fig. 6. lA) with erosional contact and small cross lammation (Fig. 
4.6A) may be evidence of occasional storm deposition (Tucker and Wright, 1990). 
Mason (1986) reported the recovery of hummocky cross bedding associated with 
oolite rich carbonate sands and storm generated flat pebble conglomerates within this 
formation at Talo Topo Bay. 
In the modern setting, stratiform stromatolites commonly accrete within the 
intertidal to supratidal zone at Andros Island (Hardie and Ginsburg, 1977), the Persian 
Gulf (Shinn, 1983) and Shark Bay (Logan et al., 1964; Logan, 1974). The 
interlamination of microdolomites with limestones in stromatolitic l~nites, some 
evaporitic pseudomorphs (Fig. 4.lA, 5.4), and mudcracks suggest a tidal flat 
environment, especially in the upper intertidal to supratidal zone. So far, there is no 
clear evidepce of a modern analogue for this diagenetic microdolomite overprint on 
stromatolitic laminites. However, the similar ancient laminated unfossiliferous 
microdolomites interlayered or interlaminated with limestones have been also 
commonly interpreted as haying tidal flat, upper intertidal-supratidal, origins including 
the Cambrian carbonates in Northwest Spain (Zamarreno, 1975), the Ordovician of 
Western Maryland (Matter, 1967), the Lower Devonian of New York State (Laporte, 
1967), the Silurian of Ohio (Textoris and Carozzi, 1966), in the Visean of Canadian 
Maritime Province (Schenk, 1967) and those of Ireland (West et al., 1967), and the 
Permian Platy Dolomite of North Poland (Gasiewicz et al., 1987). 
Fig. 6.1 Lithology and primary structures of the Malaka Formation. 
A. Thin section photomicrograph of a stratiform stromatolite with small 
domal structures (A). Note the development of stromatolite on poorly 
graded intrasparite layers (G), microdolomite replacing sediment in 
vertical burrows and mudcracks (M). Thin section no. 396 
B. Microdolomite (brown) in mudcrack on top of limestone bedding. 
C. Stromatolitic laminites (A) occasionally intercalated with flat pebble 
conglomerate layer (B) with scoured base. Note the cross-bedding (C), 
a common feature in the upper part of the Malaka Formation at Malaka 
Creek. 
D. Very thin bedded limestones interbedded with brown shales. 
E. Flat pebble conglomerate (A) with scoured base lying upon a current 
ripple bed. Note the stratiform (B) and domical (D) stromatolites on top 
of conglomerate. 
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The sharp based limestone layers grading up to brown argillaceous limestone or 
shale (Fig. 6. lB) on top of bedding in some part of the sequence may be the evidence 
of the deposition in tidal ponds. The occasional association of the other grainy and 
sparry microfacies including intramicrite, pelbiosparite, intrasparite, few oosparite, and 
flat pebble conglomerate (Fig. 4.lB, 4.6B, D, 4.7) in the Malaka Formation increases 
to the top (Fig. 6.lC, D), with increased cross stratification, indicating increased . 
energy of deposition as mentioned by Purser (1975) for changing from muddy to 
grainy cycle in the Bathonian carbonates of Burgundy, France. These microfacies 
usually lie interlayering on erosional surfaces or scoured bases with current ripple 
mark (Fig. 4.6A, 6.lA, C, E) within algal laminites and commonly show graded 
bedding or cross-bedding of intraclasts or imbricated flat pebble conglomerate. It 
represents a distinctive small tidal channel (Tucker and Wright, 1990) on the tidal flats. 
Some channels were large as demonstratated by large low angle tabular cross bedding 
(- 1.5 m thick) at Malaka Creek. The graded flat pebble lag deposits and cross 
bedding als~ suggest the lateral migration of these tidal channels. The modern tidal 
channels are common in the lower part (intertidal) of transgressive tidal flats at Andros 
Island and relatively fewer in the regressive tidal flat of the.Persian Gulf (Shinn, 1983) 
At La Nga Bay, cross stratification, grainy or sparry microfacies, and fossil 
content increase upwards through the sequence and into the Malaka Formation and La 
Nga Formation (without the Talo Dang Formation which is here pinched out), whereas 
typical stratiform stromatolites decrease. However, stratiform stromatolites tend to 
develop along foresets of cross stratification since some of them consist of 
microdolomite in dark micrite and oosparite interlaminations. The increase of cross 
lamination units to the top of the Malaka Formation may indicate the change of 
environments from supratidal at the bottom to intertidal with tidal channels of the 
lower-energy littoral setting adjaceat to lagoon (Fig. 6.6), and further to beach or 
foreshore environments (Inden and Moore, 1983) of the higher-energy littoral deposits 
. on the top of the sequence especially where the barrier islands contact to the tidal flats. 
This is confirmed by the remarkable decrease or loss of the higher-energy setting 
(cross bedded setting, beach) in the south of Tarutao Island where there is a thick 
shalely sequence of lagoonal deposits, the Talo Dang Formation, sandwiched in 
be~een the Malaka Formation (tidal flats) and the La Nga Formation (Barrier Islands 
and'spits) at Talo Dang Bay. 
6.2 The Talo Dang Formation 
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The Talo Dang Formation consists of very thin bedded, variegated, micritic 
nodular limestones and fissile shale alternation (Fig. 3.5B, C, D). Based on t~e 
different arrangement and shapes of nodules, they were organized as a cycle (chapter 
3). At least six repetitive cycles have been observed at the type locality. Many 
mechanisms have been proposed for the nodular bedding formation of limestones (see 
review by Fliigel, 1982, p 226). They can originate by one or more of biological, 
chemical, and physical processes. These processes are the microbial decomposition of 
the organic matter (Grunder and Roster, 1963), marine subsolution "(Hollman, 1962), 
submarine cementation (Garrison and Fisher, 1969), concretional growth (Jenkyns, 
1974), compaction (Wanless, 1979; Logan and Seminiuk, 1976), 'the combination of 
early lithification and compaction (Tucker, 1974), and the combination of bottom 
currents enhancing submarine cementation and burrowing (Mullins et al., 1980), etc. 
There are many lines of evidence that support very early lithification prior to the 
compaction effects on this micritic nodular limestone (see earlier p.81). Micrites 
precipitated di:i~ectly from sea water, possibly partly under photosynthetic control as 
evidenced by dense polygonal interlocking crystals of micrites which were 
subsequently bounded by stromatolite filaments (Fig. 6.2). However, stromatolites in 
the Talo Dang Formation are less extensive than those in the Malaka Formation and 
there are no clear stromatolitic structures showing on the rock surface. Even though 
the present appearance of bedding was largely induced by the early compaction, the 
alternation of micritic nodules and calcareous shale should partly record the 
environmental changes during their deposition. 
Most of the Phanerozoic and Mesozoic red (originally) nodular limestones of 
Europe including the Devonian Griotte (France), Ammonitico Rosso (Alpine and 
Mediterranian region), the red Chalk of eastern England; and of the North Atlantic (off 
west Morocco coast) were deposited in deep water or basinal environments (Lancelot 
et al., 1972; Jenkyns, 1974; Tucker, 1974; Eller, 1981). However, the similar red 
(weathering) nodular limestones in the Ordovician and Silurian of the Oslo Region 
deposited in a neritic environment below storm wave base and in lagoonal 
environments (Moller and Kvingan, 1988). Many lines of evidence suggest that the 
Talo Dang Formation was also deposited in lagoonal environments. 
The nodular limestones of the Talo Dang Formation consist of mostly micrite 
with some bioclasts (micrite with fossils) and intraclasts (intramicrite) at the top of each 
cycle whereas the shale alternations decrease considerably. Pyrite and evaporite 
pseudomorphs are common. In general, skeletons including gastropods, brachiopods, 
trilobites, Chelodes, some straight and curve nautiloid are rare in limestone nodules 
and nearly absent from shale layers. This indicates the extremely high environmental 
stress during their deposition. 
Fig. 6.2 SEM photomicrograph showing micrite with polygonal interlocking 
crystals of nodular limestone, the Talo Dang Formation. Note the 
stromatolitic filaments (arrow) within rnicrite. Broken slab no. 423 
-&. 
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Based on the stratigraphic position of the Talo Dang Formation sandwiched in 
between the tidal flat carbonates (the Malaka Formation) and the oolite shoal (the La 
Nga Formation); the abundant micrite ~d clay minerals; and the rarity of fauna 
indicates the restricted lagoonal environments in between the large tidal flats and barrier 
islands (Fig.6.6). Pyrite and evaporites pseudomorphs suggest reducing and 
hypersaline condition in the lagoon. Wet and dry climates in tropical region are 
proposed for this setting and responsible for the alternation of limestone nodules and 
shales. In the wet season, surface water transported clay and small amounts of detrital 
quartz from a nearby area to the lagoon to deposit as shaly layers. The dilution of sea 
water in the lagoon during this time is evidenced by the near absence of marine fauna 
and the lack of evaporite pseudomorphs in shales. In the dry season, surface water 
influx decreases, coupled with the high degree of sea water evaporation raising the · 
salinity and inducing stromatolite growth. Under this circumstance, micrites and 
evaporites precipitate in the lagoon. No subaerial exposure features have been 
observed whereas the horizontal worm burrows and marine fauna in limestone nodules 
which increase to the top of a cycle suggest subtidal conditions and more normal 
salinity of sea water. 
The vertical development of a cycle from mainly calcareous shale horizons with 
sparse isolated limestone nodules at the bottom to strata-bound nodules in the middle 
and passing upward to continuous irregular or lenticular limestone with or without 
minor shale parting on the top of each cycle, and the increasing of biota activity 
represents the passage from restricted (lack of burrows and less marine skeletons, but 
more abundant evaporites pseudomorphs and pyrites) to more open lagoonal 
environments (more abundant marine bioclasts, horizontal burrows, but less evaporites 
and pyrites). The degree of depositional energy also increased in more opened lagoons 
as evidenced by the increase of intramicrite microfacies at the top of a cycle. The 
openess of this lagoon was possibly a result of a small-scale high sea level, which 
introduced a considerable amount of normal sea water to the lagoon, and decreased the 
environmental stress on marine organisms. Therefore, the repetition of the cycles (at 
least 6 times) should be the result of the eustatic sea level fluctuation in concert with the 
gradual subsidence of the basin during the Late Tremadoc. This Late Tremadoc 
transgressive events correspond to the conclusion reached by Barnes's (1984) analysis 
of the Early Ordovician eustatic events in Canada and is close to those of Fortey' s 
(1984) transgression and regression analysis. 
6.3 The La Nga Formation 
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The rocks of the La Nga Formation are mostly sparite with predominant oolites 
and can be subdivided into 2 members : 1) The lower La Nga member has a complex 
network of trough cross bedding (Fig. 3.6B, 6.3). The rocks are mainly oosparite 
(Fig. 4. 7 A) cross interlaminated with pelsparite, and subordinate intrasparite, flat 
pebble conglomerate. Oolites of the lower member are better sorted than in the upper 
member. Vertical, horizontal, and U-shape burrows are sparse. 2) The upper member 
is a cycle of the shallowing and fining upward sequence. At least 3 repetitive cycles 
have been observed in the type locality at La Nga Bay. The lower part of each cycle is 
massively bedded light gray intrasparite _(irregular flat pebble conglomerate, Fig. 4.6C) 
with abundant bioclasts with thick micrite envelopes. The upper part of the cycle 
abruptly changes to thin bedded layers of gray pelsparite and pelbiosparite with some 
small intrasparites. Small scale tabular cross bedding, horizontal and vertical burrows 
are common (Fig. 3.6D). However, the third cycle on the top of the sequence grades 
further upward to stromatolite laminite with mud cracks and well rounded flat pebble 
conglomerate (Fig. 4.6D). 
The Lower La Nga Member: The sparry nature and the lack of micrite, abundant 
well sorted oolites (mainly radial concentric type), and large flat pebble conglomerates 
of the Lower La Nga member indicate a high depositional energy (Folk, 1959, 1962). 
The diversified marine fauna including Nuia, and the extensive radial fibrous to bladed 
cement with rhomb-tip surrounding oolites (Fig. 4.7 A, 5. lA) suggest a subtidal 
condition in an open marine environment where the sea water circulation is sufficient 
enough for HMC fibrous cement formation. Furthermore, oolites are usually regarded 
as an indicator of regularly agitated, shallow marine environments in tropical climates 
where sea water is saturated or supersaturated with respect to CaC03 (Lees, 1978; 
Heller et al., 1980; Reijers and Ten Have, 1983; Lindstrom, 1984). The well sorted 
oolites within a complex trough cross bedding unit suggest deposition as free-rolling 
. particles in a high energy environment with a current strong enough to sort oolites and 
create the cross bedding (Beukes, 1983). Ross et al. (1988) suggested the close 
relation between Nuia and shoal waters. In the modern tropical shallow marine 
setting, oolites commonly form as/or within a shoal complex, often in tidal channels, 
bars and deltas in the Bahamas and in the Persian Gulf where the salinity and water 
temperature are high (Illing, 1954; Loreau and Purser, 1973; Purser and Evans, 1973; 
Tucker and Wright, 1990). 
In comparison with these modem marine settings and based on the stratigraphic 
position and on the evidence discus~ed earlier, the Lower La Nga member oolites are 
interpreted to have been deposited in an ooid shoal complex. The nearly-straight and 
narrow but long geometry covering a long distance of about 22 km (Fig. 3.2) and a 
Fig. 6.3 Lithology and primary structures of the Lower La Nga Formation at type locality (A,B), and the stromatolite of the Pa Nan 
Formation (C,D). Photograph was taken by Roger Mason. 
A. An extensive trough cross-bedding. Note the reactivation surface (1), and erosional surface and lag deposition (2). black 
lamination (B) of the cross-bedding is usually replaced by microdolomite. 
B. Large flat pebbles of stromatolitic laminites within oosparite. Note the inbrication structures (A) and alignment of pebbles 
along the cross-bedding (b). 
C. Stromatolite controls on the wavy bedding of the Pa Nan Formation. Dense columnar stromatolites (A) formed a persistent 
column across bedding. Note the inter-area between columns (B). 
D. Alignment approximately in E-W direction of furcate columnar stromatolites (SH-V) on a top of bedding at Ko Pa Nan. 
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complex trough cross bedding of 27 m thick rock unit with the common reactivation 
surface suggest the long, migrating barrier islands complex environments, in response 
to tidal fluctuation and storms (Chow and James, 1987), for the lower La Nga -
member. The linear shape and straightness of the rock body was also used to 
distinguish a barrier island facies in the subsurface by Dickson et al., (1972). The 
relatively low abundance of vertical worm burrows, and the lack of subaerial exposure · 
features probably suggests submergence below sea level. The scoured bases with 
some flat pebble conglomerate lag deposits (Fig. 6.3A, B) and remarkable channel 
within channels structures, suggest that tidal channel systems were present. However, 
the microdolomite interlaminae with oosparite along black (carbonaceous) laminae of 
cross bedding (Fig. 6.3A) probably suggests the presence stromatolitic mats covering 
channel oolite sands in the upper intertidal to supratidal zone of the barrier islands. 
Where the barrier island complex is in contact with a large tidal flat (Malaka Formation) 
as at La Nga Bay, the spit morphology should be expected (Fig. 6.6). Perdy (personal 
communication) obseryed that it would not have worm burrows on a Recent migrating 
white shoal. However, the spit morphology of the rock body probably provided a 
stable substrate for some worm burrows. 
The 27 m thick sequence of the extensive trough cross bedding at the bottom 
developing upward to the planar cross bedding on the top of the sequence probably 
represents a complete set of the barrier islands from the shoreface-foreshore up to the 
beach (Inden and Moore, 1983). Low abundant U-shaped burrows in the lower 
portion of this member and the lack of them in the upper part with vertical burrows is 
consistent with this interpretation. Dorjes and Hertweck (1975) suggested that iri 
shallow marine environments U-shaped burrows of low-level suspension feeders or 
collectors are common from upper offshore to lower shoreface whereas vertical 
burrows are almost the only forms in shore zone between high tide level and wave 
base.Therefore, it is tempting to interpret that the thickness of the sequence probably 
~ -
represents the height of the islands. This is also confirmed by the lack of compaction 
features due to the extensive early marine cementation. Stylolites are not common in 
the La Nga formations. It implies that the depth of water at the buildup and the nearby 
lagoon (the Talo Dang Formation) is probably at least 27 m deep. However, Purdy 
(personal communication) noted that 3-4 m at most would be closer to the mark. As 
modern barrier islands commonly lie parallel to the shoreline; a nearly N-S directed 
palaeoshoreline (Fig: 3.2, 6.6) is proposed._ 
The Upper La Nga Member : The abundant bioclasts with thick micritic 
envelopes, marine radial bladed and fibrous cements of massive limestones (light gray, 
irregular flat pebble conglomerate, intrasparite with some pelsparite and pelbiosparite) 
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at the begining of the shallowing-upward sequences suggest either the marine phreatic 
diagenesis (Bathurst, 1975; Longman, 1980; Shukla and Friedman, 1983) or subtidal 
environment. Eve.n though, the association of many oolites and Nuias and the 
abundant intraclasts and irregular flat pebbles of algal (stromatolites) origin (Fig. 4.6B, 
C) within these microfacies suggests an environment above the wave-base where the 
fragmentation or disintegration of stromatolitic mats is common, but the lack of 
hydraulic primary structure of the rocks favours subtidal environments below the 
wave-base. Therefore, the incorporation of oolites and Nuias into these rocks is 
probably evidence of the transportation of them by currents from the original areas 
above wave-base to lower subtidal depths. The water circulation or currents of the 
area was sufficient enough to form the extensive marine cement and sparry rocks, but 
it was still not strong enough to form the hydraulic structure as of the lower member. 
The change from massively bedded ro~ks at the base of each cycle to thin bedded 
gray pelbiosparite and intrasparite with some oolites and planar cross bedding (Fig. 
3.6D) in the upper part indicates the increased energy of deposition. Vertical burrows 
filled by microdolomites, and stromatolitic laminites have been observed. Based on 
this evidence, these rocks are interpreted as having been deposited in foreshore (beach) 
and lower intertidal environments, as in the Malaka Formation. However, no tidal 
channel structures have been observed. Some cycles developed from transitional 
facies to the extensive stromatolitic laminites with flat pebble conglomerate and 
mudcracks which represent the higher intertidal to supratidal environments. Tucker 
and Wright (1990) also stated that the gradual shoaling of a ramp results in relatively 
strong wave action in the shoreface-intertidal zone and this permits the formation of 
shoreline carbonate sand bodies. The general shoreward thinning of each cycle is 
common. 
The shallowing-upward sequence is common in rock records throughout the 
geologic history. They are usually organized in form of cyclicity such as the 
shallowing-upward cycles of early Proterozoic age, the Rocknest Formation from 
Northwest Canada (Grotzinger, 1986); Middle and Upper Cambrian Waterfowl 
Formation, Alberta (Waters, et al., 1989); Lower Ordovician Chepultepec interval, 
Virginia Appalachians (Bova and Read, 1987); Silurian Hunton Group, Oklahoma 
(Morgan, 1985), Jurassic ooid grainstone sequence of East Texas basin (Harwood and 
Moore, 1984); lower Tertiary limestone from the western Gulf of Suez, Egypt (Kuss 
and Lepping, 1989), etc. Three basic explanations have been commonly proposed for 
the repetition of the sequences including : eustatic, sedimentary or the rate of carbonate 
sedimentation, and tectonic (Tucker and Wright, 1990). James (1984)'-suggested that 
· the eustatic model of Wilkinson (1982; the combination of subsidence rate and sea 
level change as the rate of carbonate sedimentation constant) and the alternative 
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autocyclic model. of Ginsburg (1971; a combination of,source area control and the 
change of mean sea level and subsidence) are suitable to explain small-scale 
shallowing-upward sequences whereas the combination of those factors and tectonic is 
responsible for the large-scale one. The sea-level fluctuations through changes in ocean 
volume in a response to tectonic or the rate of seafloor spreading are a long time scale 
and can not lead to rapid sea-level rises as required for many shallowing-upward 
cycles (Tucker and Wright, 1990) . 
Based on the palaeobiographic and palaeogeographic study on the Shan-Thai 
terrane by Burrett et al. (1990), the southern part of Thailand was in close relationship 
with N.W. Australia during the Early Ordovician. Few volcanic rock associations have 
been observed. A small amount of detrital quartz and other elastic components, and 
the lack of deformed synsedimentary structure as well as turbidites also suggest a 
stable tectonic regime for this terrane during the Early Ordovician. Furthermore, apart 
from supratidal deposits, no significant change of faunal assemblage throughout the 
sequence has been observed. Therefore, the shallowing-upward sequences of the 
upper La Nga member. started from lower subtidal and abruptly change upward to 
foreshore, intertidal, and· end up with supratidal on the top of the sequence may be 
explained by the Eustatic model and reflects the fluctuation of mean sea-level during 
their deposition in Early Arenig. The subtidal interval of each cycle was initiated by 
rapid submergence due to sea-level rise of a few metres (Bova and Read, 1987) and 
subsidence of the basin. When the sea-level dropped abruptly, the rocks prograded to 
foreshore, intertidal, and supratidal interval. However, Purdy (personal 
communication) suggested relative sea-level changes as a control of this shallowing 
u'pward cycles. 
6.4 The Pa Nan Formation 
The rocks of the Pa Nan Formation are consist of densely, packed small-scale 
stromatolites. In contrast with the stratiform stromatolites of the Malaka Formation, 
they are completely made up of columnar stromatolites. Most of them are vertical 
stacked hemispheroids (SH-V, Fig. 6.3 C), elongated (Fig.6.3D), moderate 
branching, furcate columnar stromatolites. The branching digit~te stromatolites with 
LLH-C structure are subordinate and commonly develop on top of the fucate one, at 
the top of the sequence at Ao Dan and Ko Pa Nan. Stromatolitic laminae are micrite ·, 
and microdolomites (Fig. 4.lD) with abundant rounded intraclast (Fig. 4.lC) in some 
layers. The rounded intraclast and bioclasts are also abundant in inter-column area and 
channels on the top of the sequence. Tubular and laminoid fenestrae are poorly 
developed (Fig. 4.lD). Other microfacies such as pelsparite and biosparites are rare. 
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Most of the modern stromatolites at Shark Bay (Logan, et al., 1964), Persian 
Gulf (Kendal and Skipwith, 1969), and Andros Island (Black, 1933) occur in 
intertidal and supratidal environments. However, subtidal stromatolites have been 
discovered at Burmuda (Gebelein, 1969); Hamelin Pool, Shark Bay (Playford and 
Cockbain, 1976; Burne and James, 1986; Walter and Bauld, 1986); in tidal channels 
of the eastern Bahama Banks (Dill et al., 1986); in Crator Lake, Satonda Island, 
offshore Surribawa/Indonesia (Kempe and Kazmierezak, 1990). The environmental 
significance of various stromatolite forms was proposed by Logan et al. (1964). They 
pointed out that the discrete, club-shaped head stromatolites (SH) with SH-V 
arrangement are common reef on an intertidal headland with moderate sea wave at 
Shark Bay. Recently, Burne and James (1986) described the subtidal (0-4 m depth) 
lithified platform covered by isolated club-shape stromatofaes at Hamelin Pool, Shark 
Bay. They S\lggested that this type of stromatolites on the intertidal zone of Hamelin 
Pool headland are als9 subtidal origin but are exposed today because of a recent 
lowering of Holocene sea level. 
Lack of subaerial features, scarcity of fenestral febric,in situ cup-shaped · 
sponges growing on stromatolitic columns, and similarity in form of the Pa Nan 
stromatolites to Hamelin Pool stromatolites suggest shallow subtidal environments 
with moderate sea wave conditions. Walter and Bauld (1986) also reported the 
encrustation of sponges on subtidal stromatolites at Hamelin Pool. Additional 
evidence is that the Pa Nan stromatolites are overlain by lagoonal deposits, the Lae 
Tong Formation. The contradictory evidence for subtidal seems to be the occurrence of 
microdolomites along stromatolitic laminae and intercolumn areas but these 
microdolomites are formerly interpreted as early diagenetic dolomitization in a shallow 
subtidal area (chapter 5, p.85). The elongation of the Pa Nan stromatolites may reflect 
tidal current movement in intertidal environments as suggested by Logan et al. (1974) 
but this elongation c9uld also be developed parallel with the direction of sediment 
transport in subtidal environments (Gebelein, 1969; Young and Long, 1976). 
Playford(1979) was pointed out that both environmental factors and biological factors 
control the external morphology of stromatolites at Hamelin Pool although 
environmental factors are dominant. He suggested that elongation of many subtidal to 
intertidal-Hamelin Pool stromatolites are not only parallel to the wave-translation but 
also prevailing wind direction. The substrate also controls their shapes and trends. The 
Pa Nan stromatolites provide no strong evidence to evaluate the-importance of these 
different factors. 
Based on the stratigraphic position of the Pa Nan Formation which lies 
conformably on the barrier island deposits of the La Nga Formation and is 
.conformably overlain by the lagoonal deposits of the Lae Tong Formation and coupled 
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with the vertically and laterally extensive mass of the Pa Nan columnar stromatolites (at 
least 50 m thick, 30 km long) it is suggest that the Pa Nan stromatolites formed as a 
reef, similar to those of Shark Bay. The elongation of the Pa Nan stromatolites 
possibly suggests the ·development of these stromatolites in high depositional energy 
such as strong or moderate current flow, and prevailing wind of a depositional area 
(Gebelein, 1969; Playford, 1979). Moreover, the development of parasitic columnar 
stromatolites upon an erosional surface of the former accreted_stromatolites (Fig. 4.lC) 
possibly reflects the resistant property of this reef to wave and storm action within a 
shallow subtidal zone. In turn, the erosion surfaces may indicate early calcification 
and/or cementation of the Pa Nan stromatolites as of Hamelin Pool stromatolites 
(Burne and James, 1986). Playford (in Chivas et al., 1990) reported the removal of 
several years of algal growth on subtidal Hamelin Pool stromatolites by a single storm. 
Therefore, it is most probable that the Pa Nan stromatolites were formed as a reef and 
occur as a part of barrier islands (Fig. 6.6). 
Extensive stromatolitic buildups are common in the Proterozoic rocks of many 
. . 
continents such as Australia<{Southgate, 1989), Africa (Trompette and Boudzoumou, 
1988), and North America (Hoffman, 1974; Cecile and Campbell, 1978). They 
declined during. the P~laeozoic, especially after the middle Ordovician, because of the 
rapid evolution of the metazoan grazers (Pratt, 1982) and the development of other 
shallow water encrusting skeletal organisms that could form reef (Monty, 1973). 
However, many Phanerozoic reefs have stromatolites as an important component such 
as the Devonian Canning Basin reefs (Playford et al., 1976) and Late Mississippian 
Codry Group, reefs of western Newfoundland (Dix and James, 1987). 
' . 
Although, there is no modem analogue for stromatolitic barrier islands or barrier ' 
reefs today, they do exist in the rock record as proposed by Trompette and 
Boudzoumou (1988) for the Late Proterozoic stromatolitic unit in the lower part of 
"Schisto-calcaire" (Shale-limestone) Group , in the west Congo Basin. They 
., 
described the size (3-8 km wide, and 20 m thick) and morphology of the Congo Basin 
stromatolitic barrier reefs as being compatible to that of modern barrier reefs. 
Moreover, they proposed the modem coral barrier reef of Belize (James et al., 1976) 
as a modern analogue for their stromatolitic barrier reefs. This statement seems to fit 
the Pa Nan stromatolites as well even though they are thicker than the Congo Basin 
stromatolites. The closest modem analogue for the Pa Nan stromatolitic barrier reef 
seems to be elongate lithified barrier made of lagoo'nal crustose coralline algae which 
consists of micro-ridge at Bahiret El BiBane, Tunisia (Thornton et al., 1987). 
The development from furcate columnar stromatolites (SH-V) to digitate (LLH-
C) columnar stromatolites on top of the sequence at Ao Dan and Ko Pa Nan, and the 
occurrence of a small channel structures filled by jntramicrite and some intrasparites 
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with bioclasts represent the development from shallow subtidal conditions to intertidal 
mud flat in protected areas, as suggested by Logan et al. ( 1964) for upper intertidal 
Hamelin Pool stromatolit_es. However, the lack of exposure features such as mud 
cracks may indicate the lower intertidal environment rather than the upper intertidal. 
Channel deposits are also associated with lower intertidal columnar stromatolitic 
biostormes (LLH) of the Dotsero Formation (upper Cambrian), western Colorado 
(Campbell, 1987) but he interpreted SH-V columnar stromatolites below these LLH 
columnar stromatolites as lower intertidal deposits based on Logan et al.( 1964). 
Tucker (1977) took an opposite view and interpreted the channels within the subtidal 
stromatolitic biostromes of the Porsanger Dolomite Formation (Late Precambrian), 
Arctic Norway as an ancient analogue to channels dividing up modem coral reefs and 
connecting offshore areas with the back reef lagoon. 
6.5 The Lae Tong Formation 
The rocks of the Lae Tong Formation can be subdivided into two distinctive 
members: 
1) The lower member is very thinly bedded, gray limestone alternating with gray 
to dark-gray shales. The limestones occur as sparse irregular nodules, and lenses, 
with lenticular beds (Fig. 6.4A, B). Bed geometries are developed from irregular and 
lenticular nodules at the bottom to more well-defined and regular beds with good 
continuity at the top of this unit (Fig. 6.4A, B). Irregular limestone layers at the 
bottom exhibit graded bedding with scoured bases and lag deposits. In the upper part, 
more regular limestone layers commonly have hummocky cross-laminated (Fig. 3.8D, 
6.4B, F), and have a small interference ripple mark_ on top of bedding (Fig.3.8C). 
The composition of limestones in the lower part and the upper part is also 
diff~rent. They change from intramicrite, poorly washed pelbiosparite and biomicrite 
(Fig. 6.4E) with round intraclasts and sparse detrital dolomites at the bottom to mainly 
micrite with abundant detrital microdolomite along hummocky cross-lamination (Fig. 
6.4F) at the top of this unit. Clay minerals in limestones (Fig. 6.4E) are common and 
occur as both matrix and stringers. Shale partings are calcareous, organic rich and 
faintly laminated. Framboidal pyrites are more common in shales than in limestone 
layers. In general, fossils are rare including gastropods, echinoderms, but there are 
some fossiliferous limestone layers in the bottom part. Vertical and random burrows 
are moderately abundant in the upper part (Fig. 6.4F). The lower Lae Tong member 
grades into the upper member. 
2) The rocks of the upper Lae Tong member are very similar to the rocks of the 
· Talo Dang Formation but without cycles. They are very thinly bedded gray nodular 
Fig. 6.4 Lithology and primary structures of the Lower Lae Tong Formation. 
Photographs of outcrops are shown on the left whereas their thin section 
photomicrographs are shown on the right. 
A. Nodular to lenticular limestones interbedded with shales in the lower 
portion of the lower Lae Tong member. Limestone layers commonly 
show graded bedding and scoured bases (arrow). 
B . Well developed limestone layers and shale partings in the upper portion 
of the lower Lae Tong member. Note the complex network of small-scale -
hummocky cross-lamination (B) within the limestone layers. Scoured 
bases are also common as A. 
C. Sparse limestone nodules within calcareous shales dominating a portion 
in the lower part of the upper Lae Tong member. 
D. In a middle portion of the upper Lae Tong member, stratabound 
limestone nodules were developed. Limestone nodules were broken as a 
result of physical compaction. Oblique arrangement of nodules may be 
controlled by later shear stress. 
E. A stained thin section photomicrograph of the limestone in A. Pelmicrite 
(A) with calcite (C) and dolomite (D) pseudomorph after gypsum 
interlaminated with pelsparite (B) and argillaceous layers (E).Note the 
separation of small detrital dolomites_ (small white dots) within pelrrti.crite 
layer (A). Thin section no. 404B 
F-. Detrital microdolomite commonly occurs along hummocky cross-
lamination (A) within micritic limestone layers in the upper part of the 
lower Lae Tong member. Note -the lag deposition of detrital 
microdolomite on. erosional surfaces (arrow), and vertical escaped 
burrows (B).Thin section no. 401F 
G. Abundant subrounded to angular detrital dolomites in micrite of the upper 
portion of the lower Lae Tong member at Ao Ton Pung. Some grains still 
preserved original rhomb-shaped of microdolomites. Thin section no. 
404C 
H. Microteepee structure and calcite pseudomorph after gypsum laminites 
(C) within dolomicrite in nodular limestone (the upper Lae Tong 
member) at Ao Makham. Note the iron layer coated teepee structures (A) 
and the accumulation of framboidal pyrites (B) on that structure. Thin 
section no. G 
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limestones interbedded with red weathering, greenish-gray shales. The bottom part of 
this unit is dominated by shales (Fig. 6.4C). Limestone nodules develop upward from 
sparse isolated micritic nodules to stratabound nodular limestones (Fig. 6.4C, D) in the 
middle to continuous lenticular to nodular limestone layers on the top of the sequence 
(Fig. 3.8A). Calcareous shale partings decrease considerably toward the top whereas 
fossils increase. Limestones are micrite and biomicrite (Fig. 4.3D). 
The Lower Lae Tong Member : Based on many lines of evidence, the rhythmic 
sequence of nodular to lenticular limestones and calcareous shales alternation of this 
member are interpreted as restricted marine/lagoonal deposits (Fig. 6.6) similar to 
those of the Talo Dang Formation : 
1) No evidence of subaerial exposure has been observed. 
2) Thick micritic envelops around skeletons suggest a subtidal conditions. 
· 3) Abundant micrite with clay mineral, and dark-gray shales with high organic 
matter contents suggest very low deposiHo'nal energy within a closed to 
semiclosed basin. 
4) Rare bioclasts but abundant frambo~dal pyrites are indicative of a restricted 
marine and euxinic basin. 
5) Stratigraphically, the Lae Tong Formation' is sandwiched in between the 
barrier island complex, of the La Nga Formation, and the carbonate buildups 
of the Rung Nok Formation. 
The alternation of limestones and shales may represent a climatic change during 
their deposition. Carbonaceous shales were deposited during the wet season as 
mentioned for the Talo Dang Formation (p.100-102). Limestones were deposited in 
the dry season in the hypersaline part of lagoons as shown by prismatic crystals of 
calcite and dolomite pseudomorphs after gypsum (Fig. 6.4E) within limestones at the 
bottom part of a sequence. Abundant bioclasts with thick niicritic envelops in this part 
' -
suggest a shallow lagoonal stage. The later deeper lagoonal stage is indicated by the 
change of limestone compositions from grainy limestones at the bottom to micrite with 
minor biomicrite in the upper part of the lower Lae Tong member. Dolomite 
pseudomorphs may occur after burial. 
The occurrence of graded bedding, scoured bases (Fig. 6.4A, B), and a common 
small-scale hummocky cross-lamination of limestone layers (Fig. 6.4B, F) represent 
episodic storm e".ents during that time. These storms transported considerable 
amounts of angular to subrounded detrital dolomites from a tidal flat to be redeposited 
along hummocky cross-lamination in the upper part and as individual grains in the 
lower part. Although many features mentioned earlier favour a deep lagoonal 
environment for the upper part of the lower La Nga member; the abundant vertical and 
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random burrows (Fig. 6.4F), small-scale hummocky cross-lamination with sharp and 
scoured bases, and interference wave ripples on top of bedding suggest deposition· 
- ) 
above storm-base or in an area between the proximal to distal zone (Aigner, 1985, 
p.34-42). The Lae Tong hummocky cross-bedded micritic layers interbedded with 
calcareous shale are similar to the calcilutite interval of thin-bedded limestone/marlstone 
·alternations in the more central parts of the upper Muschelkalk Basin. Aigner (1985, p. 
85-91) regarded the Muschelkalk calcilutite interval as the most distal "fine tails" of 
storqi flows in offshore deeper water. This is consistent with the interpretation of the 
upper part of the lower Lae Tong member as deeper lagoonal deposits. 
The Upper Lae Tong Member : In contrast to the lower Lae Tong member, the 
upper Lae Tong has no evidence of hydraulic primary structure and burrowing within · 
the lower part of a sequence (Fig. 6.4D). This indicates a deep lagoonal environment. 
The bioclast increase within stratabound nodular limestones in the middle of this 
member and suggests &,.shallower environment than the lower part but it was still 
presumably below storm-wave base. The more abundant fossils within lenticular-
nodular limestone layers at the top of the sequence indicates the shallowest water 
conditions. Therefore, the development from sparse nodules at the bottom to lenticular 
bedding on the top of the upper Lae Tong member demonstrates the shallowing-
upward sequence from deeper to shallow lagoon. However, the occurrence of rare 
micro teepee structure and calcite pseudomorph after gypsum laminites (Fig. 6.4H) at 
Ao Makham indicates that at least some parts of this lagoon experienced supratidal 
conditions. 
Wet and dry climates are also envisaged as a control on limestone nodules and 
shale alternation. However, the absence of evaporite pseudomorphs in micrite nodules 
and shales implies that the upper Lae Tong member was possibly deposited in the 
central part of the more open lagoon where the salinity of sea water close to the normal 
marine or metahaline conditions such as that characterizing the outer part of Shark Bay 
lagoons (Logan et al., 1974). The abundant framboidal pyrites in the nodular 
limestones and especially in shale partings further characterize the environment as 
reducing. However, Scoffin (personal communication) suggested that the pyrite 
famboids most likely are post depositional in origin and though requiring reducing -
conditions for formation do not imply reducing conditions during deposition. 
6.6 The Rung Nok Formation 
Because of outcrops limited to only 2 small steep seacliff islands, on the 
southeast of Ko Tarutao (Fig. 3), and extensive tufa covering and faulting ; it is not yet 
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possible to provide a detailed field study. However, the microfacies of the few 
accessible outcrops are di~tinctive. 
The rocks of the Rung Nok Formation can be subdivided into 4 members. The 
rocks of member 1 and 2 are very similar but they are different in the degree of 
dolomitization. In term of palaeoenvironmental interpretation these two members will 
·be discussed together. The rocks of these two members are rather consistent 
throughout the sequence. They are thinly bedded, poorly washed biomicrite (Fig. 14, 
4.4C, D) with extremely abundant well abraded bioclasts of mainly crinoid debris with 
the lesser quantities globular bryozoans, rare brachiopods, tabular corals and trilobites. 
Cementing material is mainly syntaxial rim cements with minor fibrous cements. Rim 
cements decrease to the top of the second member but radial fibrous cement increase 
(Fig. 6.5B). Micritic envelopes and geopetal fabric are common in either intra or 
interskeletal porosities (fig. 4.4C,D). Micrite illfilling in between bioclasts is abundant· 
in the first rriember and decreases considerably toward the top of the second member. 
In contrast, xenotopic dolomites of selectively replaced micrite are more abundant in 
the second member than the first. In some parts of the second member at Ko Laen, the 
rocks were completely dolomitized to megadolomites with saddle dolomites filling in 
voids. 
Member 3 is mainly coral-algal-stromatoporoid biolithite and limestone breccia 
with extensive early marine cementation (Fig. 4.7 D, E, 4.8). The lower part is thinly 
bedded limestone composed of sparse f~ame-building and sediment-binding 
organisms. Frame-builders are simple tabulate corals and cup-shaped stromatoporoids 
(Fig. 4.7D, 4.8A, B) growing on poorly washed biosparite and encrusted by long-
chained calcareous algae (Fig. 6.5A, B). In the middle part, the rocks are mainly 
limestone breccia (Fig. 4.8C) and laminar stromatoporoids (Fig. 6.5C). Large 
stromatolitic breccias are firstly cemented by stubby bladed cement following by 
radiaxial calcite. Channel porosity (Fig. 4.8C) and stromatactis (Fig. 6.5D) are 
common. Laminar to domical stromatoporoids in this part increase toward the top. 
Stromatactis usually occurs either beneath domical stromatoporoids or parallel to the 
laminar ones. Erosion surf aces on top of stromatactis have been observed but internal 
sediments are rare. Then the rocks change to dense laminar and domical 
stromatoporoids (Fig. 6.5E) as a major frame builder with in situ conical sponges in 
the upper part. Stromatactis is more abundant. The massive biolithites of the upper part 
are conformably overlain by the bedded dolomitic biomicrite with random burrows. 
Member 4 consists of dolomites and dolomite breccias. This member is excluded 
from this study because nearly all sedimentary structures and original components of 
the rocks were obliterated by extensive dolomitization. 
Fig. 6.5 Lithology and primary structures of the Rung Nok Formation. 
A. Photograph of the Rung Nok Formation at Ko Rung Nok showing the 
gradual contact in between the second and the third member. The rock 
changes upwards from thinly bedded in the lower part to thicker bedded 
biolithite in the middle part (C,D) and up to massively bedded biolithite 
(E) in the upper part of the third member. The rocks and thin sections 
from each position (B to E) are shown below. 
B. Photomicrograph of biosparite at the contact zone between the second . 
and third members. Note the extensive cementation of radial fibrous 
cement (F) surrounding the intraclast (C). Rim cement of micritic 
echinoderm ossicle (arrow) predates a fibrous cement. 
C. Photomicrograph of biolithite and reef breccia in the middle part of the 
thirc:l member. Note the encrustation of possible stromatolite and 
calcareous (chained)algae (arrow) covered by reef breccia (B) and 
infilling bioclasts (C). An isopachous fibrous cement (F) is very 
extensive also postdating cement rim (S). 
D. The occurrence of stromatactis (arrow) along the laminar and domical 
stromatoporoid layers in the middle portion of the third member. 
E. Dense domical stromatoporoid biolithite in the massive limestone from 
the upper part of the third member. 
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Member 1 and 2 : The poorly washed nature and presence of micrite in interskeletal 
porosities and in geopetal fabric of the Rung Nok crinoidal limestone may indicate low 
to moderate depositional energy (Folk, 1962). On the contrary, the. well abraded, 
broken, and dissociated crinoid debris reflects higher energy conditions. Extensive 
syntaxial rim cements indicate early marine cementation which are common in the 
shallow marine environment of ancient rocks (James and Choquette, 1983). The 
nonluminescence of the fjrst stage rim cements (Fig. 5.2C, D) in this rock also suggest 
early marine cementation ~n an oxidizing environment. In turn, the extensive early rim 
cements reflect well circulated, marine conditions. Therefore, cementation and micrite 
infilling in intra and interskeletal porosities should be considered chronologically 
separate events. In a study on the development of overgrowths from echinoderm 
fragments in the Ambleon Limestone ofBas-Bugey, southern French Jura, Evamy and 
Shearman (1965) pointed out that iron-free rim cements were an early phase whereas 
the micritic matrix was subsequently introduced from above. 
Based on this evidence, the abundant. well abraded crinoid debris and other minor 
skeletons including well preserved globular bryozoans and brachiopods, are 
interpreted as shoal water accumulations in the form of carbonate buildups or crinoidal 
sand shoals. In these early rim cements were precipitated in shallow marine -
environments. The micritic matrix infilling was deposited later and was followed by 
the iron-rich rim cements after burial. 
The development of poorly washed biomicrites to cleaner deposits with abundant 
early rim cements as well as fibrous cements of member 2 suggest the transition to 
more current agitated conditions (Cain, 1968) above. The dolomitization of the Rung 
Nok crinoidal limestone occurred late after burial. Aigner (1985) interpreted dolomitic 
crinoidal limestone from the upper Muschelkalk basin (Middle Triassic) in SW-
Germany, as a protected barrier-like belt, of ramp carbonates. However, the lack of 
hydraulic structures such as cross-bedding, graded'bedding, etc, and abundant micrite 
suggest buildups below wave bases. The restriction of these buildups to only two 
small satellite islands of Ko Tarutao in southern Thai peninsula implies that they 
occurred locally. However, their stratigraphic position lying upon the Lae Tong 
lagoonal sediment suggests the barrier morphology. 
Member 3 : The existence of well defined in situ coral-algal-stromatoporoid 
~.,· 
biolithites, stromatactis, and very extensive early marine fibrous cements in this 
member suggest reef deposition (Folk, 1959) in warm shallow marine environments 
(Linstrom, 1984; Wehby, 1984). The Rung Nok reefs were initiated by the formation 
of early cemented crinoidal limestones (member 1 and 2) which provided a firm and 
hard substrates for reef colonization. Thinly bedded biolithites with sparse cup-shaped 
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· stromatoporoids and tabulate corals encrusted by chain calcareous algae (Fig. 4.8) in 
the lower part of the third member reflect a reef colonization stage. The delicate 
structure of cup-shaped stromatoporoids and abundant biomicrite in between frame 
builder organisms suggest a low depositional energy below wave base environment. 
During an intermediate stage, bedding thickness as well as the number of frame 
builders such as laminar and small domical stromatoporoids, and encrusting 
stromatolites (?)increased considerably. Large stromatolite breccias (Fig. 6.5C) are 
common and early cementation is.extensive. On the top of the sequence, the diversity 
of frame builders is low. Only dense domical stromatoporoids with abundant 
stromatactis (Fig. 6.5D, E) and in situ conical sponges have been observed in this end 
stage. Other reef associated faunas are crinoids brachiopods, cephalopods, and 
trilobites. 
Coral-algal-stromatoporoid reefs of the Rung Nok are similar to those of the 
Middle Ordovician of Norway (Harland, 1981) and Canada (Harland et al., 1987). 
But the difference is that the Rung Nok reefs have higher relief above wave base (or 
exposure) whereas the Norwegian and Canadian reefs are patch reefs. The 
interpretation is consistent with a stratigraphic position of the third member which lies 
conformably above the Lae Tong Formation. Although the third member is exposed at 
only 2 small islands at Ko Tarutao and is probably absent from the mainland Thai 
peninsula, it is interpreted as a local barrier reef (Fig. 6.6) because it lies above a 
lagoonal deposition. However, th~ limited exposures of the Rung Nok reef itself 
makes the interpreted occurrence of the barrier reef suspect (Purdy, personal 
communication) 
6. 7 Depositional Model 
The vertical sequence of the Thung Song carbonates displays a change in 
depositional energy or a gradual change of depositional environments from shallow 
water to deeper water environments(Appendix4,5). Sediment gravity flow deposits 
such as turbidites and slumps have not been observed. These criteria suggest that there 
was not a pronounced break in depositional slope into deep water on the Thung Song 
carbonate platform. Even though, there is a reef breccia within the Rung Nok 
Formation, it occurs locally and is restricted to only two small islands. The lack of an 
extensive peri-platform talus and slope to basin deposition possibly rules out the 
rimmed carbonate shelf model (Ginsburg and James, 1974). Therefore, the Thung 
Song carbonates are interpreted as homoclinal ramp carbonates (Read, 1982). Purdy 
(personal communication) suggested the general term of shelfal and basinal carbonates. 
c 
Pelagic Deeper Water 
Stromatolites {Pk) 
I 
MLW 
~ 
A 
Isolated and· Local 
Reef Mound (Rn) 
Barrier Islands (Lng), Spits and 
Subtidal Stromatolites {Pn) 
Lagoon (Td + Lt) 
The Malaca Fm. (Mk, 1), Talo Dang Fm. (Td,2), La Nga Fm. (Lng,3), 
Ti<;lal Flat with Channels 
Minor Beach (Foreshore) 
and Ponds (Mk) 
Pa Nan Fm. (Pn,4), Laa Tong Fm. (Lt,5), Rung Noke Fm. {Rn,6), Pa Kae Fm. {Pk,7) 8 
Fig.6.6 The diachronous depositional model for transgressive development of the Thung Song ramp carbonates showing environmental 
setting, distribution and relationship of.common rock types. A) General environmental setting at Ko Tarutao. B) Spit morphology · 
at La Nga Bay, NE Ko Tarutao, where the La Nga barrier island contacts with the Malaka tidal flat. C) Deeper water stromatolite, 
the Pa Kae Formation. Vertical and horizontal scales are exaggerated. 
_.. 
_.. 
(0 
120 
Six major facies in the study area at Ko Tarutao have been recognized. Their 
depositional relationships on a homoclinal ramp from intertidal-supratidal at the bottom 
of the sequence to shallow lagoon, oolitic shoal, subtidal stromatolitic reefs, deeper 
lagoon and terminating as local carbonate buildups and barrier reefs suggest the 
gradually deepening of a basin as a result of relative sea level rise. A long term 
transgression, with common minor eustatic sea level fluctuation, during the Tremadoc 
to late Arenig is postulated. 
Based on a general concept that "vertical lithologic change at any point in a basin 
reflects the lateral migration of environments across it" (Walther's law in Horowitz and 
Potter, 1971,p. 17), a generalized depositional model has been reconstructed for the 
Thung Song carbonates in the study area (Fig. 6.6). The geometry and distribution of 
the barrier islands, of the lower La Nga member , suggest that the palaeoshoreline 
trended north-south. The westward movement of the Early Ordovician transgression 
reflects the existence of a continent to the west. A continental mass is indicated by the 
development of the Thung Song ramp carbonates <;m the thick sequence of the red 
. . 
siliciclastic Tarutao Group. The insignificant amount of terrigenous detrital grains 
within the Thung Song carbonates suggests a low relief for the nearby continent. 
Alternating wet and dry climates in a tropical region are indicated by sparse evaporite 
pseudomorphs in many formations. Storm events were common as evidenced by 
proximal and distal tempestites in the Lae Tong Formation. Because of no sharp break· 
on slope but gradual increase in the water depth of the homoclinal ramp, extensive 
shallow water carbonates developed at a certain distance away from land to the east 
(Fig. 6.6A, B).Under this circumstance, carbonate production could be a maximum 
(Wilson, 1974). 
The Thung Song carbonates on Ko Tarutao record a change in platform 
conditions through the Early Ordovician (Fig. 6.6A,B). Shallow subtidal to supratidal 
deposition with extensive stratiform stromatolites, tidal channel, minor beach and pond 
' ' 
deposition is represented in the underlying Malaka Formation. Above the narrow 
gradational contact, the shallowing-upward cycles, of the Talo Dang Formation were 
deposited in a marine-shelf lagoon. Shoaling in the broad lagoon reached the littoral 
zone as evidenced by oolitic barrier islands, the La Nga Formation, and subtidal 
stromatolitic reefs, the Pa Nan Formation. The deeper lagoon deposits, of the Lae 
Tol?-g Formation, were situated seaward in between the La Nga barrier islands and the 
Rwig Nok carbonate barrier reefs buildups. No evidence of deposition deeper than the 
Rung Nok reefs have been observed at Ko Tarutao. However, the discovery of deeper 
water stromatolitic limestones in the Pa Kae Formation (Fig. 6.6C, see chapter 7) 
suggests existence of a deeper water deposition in this carbonate regime. 
,, 
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Chapter? 
THE RED, DEEPER WATER STROMATOLITIC LIMESTONE,THE PA 
KAE FORMATION (LATE ORDOVICIAN) 
7.1 Introduction 
The Pa Kae Formation contains a pelagic trilobite-conodont fauna-quite 
different from that of normal tropical Ordovician carbonates such as those in the 
remainder of the Thung Song Group (chapter 6). In this chapter the association of 
stromatolitic structures in an apparently deep-water limestone will be discussed 
separately. 
Since Kalkowsky (1908), stromatolites have been defined by numerous 
authors (e.g. Logan et al.,1964; Monty,1977; Buick et al.,1981; Krumbein,1983; 
Kennard and James,1986) as laminated organosedimentary structures built by 
microbial communities .. These bodies that are formed from the interaction betwee·n 
benthic microbial communities and detrital or chemical sediments are also referred to 
as microbialites (Burne and Moore,1987). The term thrombolite was introduced for 
microbial structures without lamination and with a meso to macroscopic clotted fabric 
(Aitken,1967; Kennard and James,1986). 
Most modern and ancient marine stromatolites occur in very shallow subtidal 
to supratidal environments (e.g. Black,1933; Ginsburg,1955,1960; Logan,1961; 
Bathurst,1967; Hofmann,1969; Kendal and Skipwith,1969; Neuman et al.,1910; 
' 
Monty,1972; Zamarreno,1981; Walter et al.,1988; Beukes and Lowe,1989). 
However, there is clear evidence of modem shallow to deeper subtidal stromatolites at 
water depths of 0-4 m at Shark Bay (Playford and Cockbain,1976; Burne and 
James,1986; Walter and Bauld,1986),7-8 m on the eastern Bahama Bank (Dill et 
a/.,1986),12.5 mat Bermuda (Gebelein,1969), 0-23 mat Satonda Island Crater Lake 
offshore Sumbawa/lndonesia (Kempe and Kazmierczak,1990). Oncolites at depths of 
80-125m have been reported from the insular shelves of the Canary Islands (McMaster 
and Conover,1966). Because of the rarity of the modern analogues for ancient deep 
water stromatolites and light requirement for photosynthetic algae and bacteria, it is 
difficult to place stromatolites in the rock record below the euphotic zone. Monty 
(1977) argued that stromatolites need not necessarily be restricted to very shallow 
waters for photosynthetic purposes. He suggested that marine blue green algae can 
grow from 0 to at least 1,000 m by relying directly on the photosynthetic process not 
only in bright illuminated shallow waters but also by using a red pigment in shade to 
' twilight condition and chemo-organotrophic metabolism in complete darkness below 
the photic zone. Indeed, living photosynthetic algae and organic mats are known from 
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depths of more than 200 m in modern seas (Le Campion- Alsumard et al,1982; 
Williams and Reimers,1982). 
After the work of Playford and Cockbain (1969) on Devonian deeper water 
stromatolites(>45 m to -100 m deep) from the Canning Basin, Western Australia, 
deeper water stromatolites have been reported from many continents including 
Australia (Southgate,1989), North America (Hoffman,1974; Cecile and 
Campbell,1978; Williams,1984), Europe (Jenkyn,1971; Peryt and Peryt,1.975; 
Jozef,1980; Bridges and Chapman,1988), Africa (Berstrand-Sarfati and Moussine-
Pouchkine,1983; Trompette and Boudzoumau,1988), and Asia (Monty et al.,1987; 
Beauvais et al.,1988; Wongwanich et al.,1990). Most of those stromatolites are 
associated with carbonate buildups and mud mounds (Playford et al.,1976; Pratt, 
1982a,b) or even occur as reefs, especially in the Precambrian, due to the lack of 
competition from other marine organisms (Hoffman,1974; Monty et al.,1987). Some 
occurrences are thought to have been far beyond the shelf margin in an adjacent deep 
basin (Jenkyns,1971; Hoffman,1974). These deep, basinal stromatolites usually 
contain pelagic fossils and occur in stratigraphically condensed limestone sequences 
(Playford et al.,1976; Jozef,1980). A maximum depth of 200 m is commonly inferred 
to correspond to the photic zone in oder to fit the supposed light requirement of 
stromatolites. The Sicilian Middle Jurassic stromatolites, overlying a ferromanganese 
hardground (Jenkyn,1971), and many of the Devonian deep water stromatolites from 
the Canning Basin (Playford et al.,1976) occur in red pelagic limestones. 
Although detailed stratigraphical, petrographical and morphological studies of 
deeper water stromatolites have been successfully carried out by the authors noted 
above, little is known about the diagenesis of the stromatolites and geochemistry of the 
rocks. Moreover, the paleodepths are still uncertain. The red stromatolitic limestones 
of the Pa Kae Formation are associated with a well-preserved pelagic fauna, and 
calcareous filamentous and coccal microbial sheaths so that this formation provides an 
excellertt opportunity for examining Ordovician deeper water stromatolites. This study 
combines stratigraphical, morpholo.gical, sedimentological, diagenetic, and 
geochemical methods to interpret the depositional environment of that formation and 
further efforts have been made to establish a conceptual model in order to predict the 
paleodepth of the Pa Kae stromatolites. 
7.2 Stratigraphic Setting 
A 66-126 m thick rhythmically bedded sequence of red stromatolitic limestone 
and dark red calcareous mudstone, the Pa Kae Formation, is the uppermost rock unit 
of the Thai Ordovician ramp carbonates, the Thung Song Group, which is widely 
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Fig. 7 .1 Locality and geological map of the southern Thai peninsula, showing the 
Lower to Middle Palaeozoic rocks ~d the location of the Pa Kae Formation 
at 1) Ban Pa Kae, 2) Ao Nun, 3) Ban Na, and 4) Palau Langon, NE, 
Langkawi Islands. They extend in N-S direction covering a long distance of 
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distributed along the flanks of an irregular and discontinuous N-S mountain belt in 
central peninsular Thailand (Fig. 7.1, Wongwanich et al.,1990). It is well exposed as 
a lens about 1.5 km long at a type locality (1), Ban Pa Kae, Amphoe La Ngu, Satun 
Province (lat. 6°,58',25" N and long 99°,46',42''£). Another 3 exposures are at Ao 
Nun (2); at Ban Na, Amphoe Chawang, Nak:hon Sri Thammarat Province (3); and (a 
very similar rock unit) on the west coast of Palau Langon, Langkawi Islands, West 
Malaysia ( 4); covering a distance of about 230 km across the Thai-Malay bord~r. The 
Pa Kae Formation lies conformably over the gray Thung Song shallow-water ramp 
carbonates with a thin graded contact zone and is abruptly but conformably overlain by 
the strati.graphically condensed sequence of black graptolitic shale and chert with some 
radiolarians, the Wang Tong Formation (Upper Ashgill-Upper Silurian). 
The rocks are thin (50-200 mm) and wavy bedded red stromatolitic limestones 
with dark red poorly laminated mudstone partings ( <20 mm) and stromatolitic 
polygons are on the top of the bedding (Fig. 7.2A,B). The small-scale, dense, 
columnar stromatolites give a characteristic wavy appearance to the bedding but 
stromatolitic laminae on the rock surface are vague. The stromatolitic limestone layers 
are predominant at the top of the sequence whereas the mudstone layers decrease in 
importance upwards.' Well preserved fossils of Caradoc to Ash gill age (Fortey, 
personal communication) include very small pelagic trilobites and brachiopods, 
nautiloids, gastropods, crinoids, ostracods, calcareous algal fragments, and "North 
Atlantic Province" conodonts (Burrett, personal communication). Calcispheres are 
abundant in limestone layers but very rare in mudstone partings. Trilobites are either 
blind (no eyes) or have large eyes. Dark red iron or ferromanganese micronodules are 
common. 
7.3 Petrography 
7.3.1 Stromatolitic Facies 
The limestone dominated layers are biomicrites with well developed and 
densely crowded stromatolites. Based on Logan et al. (1964), Hofmann (1969), and 
Kennard and James (1986)'s classification, the small-scale stromatolites are 
subdivided into 4 microfacies: stratiform stromatolites, columnar stromatolites, 
thrombolitic stromatolites, and oncolitic stromatolites (Fig. 7 .2C,D,E). The former 
two categories are the most common whereas the latter are much less abundant and 
commonly confined to the lower part of the sequence. However, the stromatolite 
forms within a single bed are very variable in a vertical direction. In general, the 
stratiform stromatolites at the base of a bed gradually developed upward to the 
Fig. 7 .2 Lithologies, facies, and primary structures of the Pa Kae stromatolitic 
limestones. 
l l 
A. Vertical sequence exposure of the rhythmically bedded red stromatolitic 
limestone and dark red mudstone parting. The wavy biogenic bedding is 
controlled by the dense columnar stromatolitic morphologies. Mudstone 
partings usually exhibit a mudstone-limestone couplet zone (arrow). 
B.The typical small-scale stromatolitic polygons commonly observed on top 
of bedding. The dark red mudstone network represents the deposition of 
mudstone between the stromatolitic columns. 
C. Etched slab illustrating a development series from flat laminites (1) at the 
bottom fo columnar stromatolites LLH-C(2) at the top of bedding. The 
spar filling fenestrae (arrow) are rare. Note the amount of clay matrix 
increases toward the top whereas that of allochems decreases 
considerably resulting in less entrapment frameworks on the upper part 
of bedding. Sample no. 359.1/0.1 
D. Etchea slab of reticulate stromatolites (2) developing to thrombolites and -
trombolitic stromatolites (arrow) with clotted fabric (1) at the top of 
bedding. This is interpreted as a result of the stromatolites adaptation to 
the gradually decreasing current energy and attendant relative lack of 
sediment that could be trapped. Sample no. 389-10 
E. Thin-section photomicrograph of oncolitic stromatolites microfacies 
(overlying LLH-C stromatolites). They are dense, concentric, with 
faintly micrite and spar-rich laminae (arrow). The cores are mostly 
faecal pellets and some bioclasts. Boring across outer and inner layers 
(arrow) is common suggesting a resting stage during their formation 
(rnicroboring unconformity). Thin section no. 389.15 
F~ SEM of small well preserved, leaf-like calcified filamentous and round 
coccoid (black arrow) bacteria? exhibiting trapped allochems at the 
bottom and bound clay in between the sheaths (1,2). Some coccoids can 
be seen in the dividing stage (curve arrow). Thin section no. 359.1 
,, 

Fig. 7.3 Thin section photomicrograph showing lithologies, allochems, ferromanganese micronodules and hematite grains. 
A. Allochemical rich layer with a genuine multilayering of ferromanganese (Fe-Mn) micronodules (C) in the smooth 
collofonn structure and spar-rich laminae (B).There are abundant rounded pellets (white arrow) within allochem-rich 
layers. Lump structure (black arrow) usually occurred within ostracod carapaces. Thin section no. 409.1 
B. The other 2 types of Fe-Mn micronodules: dark reddish brown Fe-Mn crust (1) surround red intraclasts (A), and bright 
red Fe-Mn impregnation in colloform structure around bioclasts (2). Dark reddish brown halo around type B 
· micronodules suggests the diagenetic redistribution of Fe-Mn minerals. Thin section no. 409 .11 
C. Stained thin-section photomicrograph of a heavily bored echinoderm ossicle. The bored holes are commonly large and 
shallow. Large and deep ones (arrow) are rare. Thin section no. 409.3B 
D. Bored glauconitic pellet (1), replacement glauconite at the rim of bioclast (black arrow), disseminated dark red to black 
hematite grain (white arrow), and dark red to black amorphous hematite filling in skeletal mould (2). The infiltration of 
this grain upon shelly' skeleton is moderately common. Sample no. 435.5 (erratum: 500 µm is 250 µm). 

127 
columnar stromatolites (Fig. 7 .2C) but some also developed to thrombolitic or 
oncolitic stromatolites (Fig. 7 .2D,E). The fenestral fabric is very rare (Fig. 7 .2C) or 
normally missing. The SEM study reveals the presence of small, leaf-like microbial 
sheaths (0.5-2 µm wide,15-30 µm long) and possible small microbial remains (Fig. 
7 .2F), coccoid bacteria (0.2-0.5 µm). 
Stratiform Stromatolites: They are irregular, wavy, and crinkly laminae 
composed of faintly spar-rich (0.5-2.5 mm thick) and sediment rich (1.2-5 mm thick) 
layers of biomicrites with abundant peloids, lumps, rounded intraclasts, and 
ferromanganese micronodules (Fig. 7.3A). 
Columnar Stromatolites: This microfacies is the most common. Stromatolite 
structures are lateral linked hemispheroids developing from close link (LLH-C) to 
more space link (LLH-S) upward across bedding (Fig. 7.2C). The diameter of domes 
ranges from 10-50 mm and heights from 40-150 mm. Some are reticulate· 
stromatolites (Fig. 7 .2D, Playford et al.,1976). The composition of the reticulate· 
stromatolites are similar to stratiform stromatolites with abundant peloids but the lateral 
linked stromatolites have much more abundant micrite and clay matrix. This 
observation supports the environmental controls on the development or stromatolites 
(Logan et al.,1969; Chafetz,1973; Celcile and Campbell,1978; Southgate,1989). 
Thrombolitic Stromatolites: The external forms and internal compositions of 
this microfacies are similar to the other stromatolites but vague irregular patches of 
mesoclots (<30 mm) bridged by stromatolites are typical (Fig. 7.2D). They usually are 
associated with rectangular stromatolites. 
Oncolitic Stromatolites: They are the least common component of the Pa Kae. 
Oncolites (150-600 µm) commonly have an irregular spheroidal and ellipsoidal shape. 
The faintly micritic and concentric layering of the coating are poorly visible around 
cores of ostracod carapaces and micritic nodules (Fig. 7 .2E). Fenestral fabric is 
completely absent. The outer layers of oncolites have undergone erosion and boring 
as well as iron-staining. Microboring unconformities (Fig. 7.2E) within the coating 
are common. Oncolites were trapped and bound along stromatolitic laminae. 
7 .3.2 Allochems 
Biochems (20-70%) and peloids (5-30%) are the major components (Fig. 7 .3) 
of these densely packed biornicrites: intraclasts ( <5%) are the minor components (Fig. 
Fig. 7.4 Thin section photomicrograph exhibiting lithologies and early diagenetic 
fabrics. 
A. Red intraclast (1) encrusted by dark red Fe-Mn crust (white arrow) 
following by stromatoporoid encrustation (2). Thin section no. 409.5 
B. Dark brownish red Fe-Mn crust (1) lying upon erosional and bored 
surface (black arrow and 2). The large bored hole (2) filled _by Fe-Mn 
minerals cut across submarine cements. Some bivalves bored and grew 
(white arrow) on this hardground. Thin section no. 389.15 
C. Fe-Mn crusts interlayered with marine equant spars (2), resembling a 
stromatolitic structure. The boring across these layers suggests the 
submarine origin of Fe-Mn micronodules. Thin section no. 409.1 
D. The maceration of micro and macrofaunal skeletons. A molluscan shell 
(1) shows partly maceration at skeletal rim and spines (white arrow). 
Some are completely macerated (2) into micrites but still retain the 
original shape of the grains. However, some grains were dissolved and 
then moulds filled by equant spars (3) after burial. Thin section no. 
409.1 
E. Extensive thick micrite envelopes around partly preserved ostracod 
carapaces (1,2). Some were macerated to micrites and seem to be 
cemented by amorphous hematite in some parts (white arrow). Geopetal 
fabric in ostracod carapaces (1) firstly filled by micrites and pellets (3) 
followed by synsedimentary submarine rhombic spars ( 4). The lower 
part of this fabric is heavily bored. Thin section no. 439 
F. Thin-section photomicrograph of stained partly recrystallized bioclast (1) 
Original skeletal fabric is still preserved in the middle of the grain. The 
recrystallized outer layer is heavily bored (white arrow). Smaller 
skeletons have either disappeared through burial dissolution/ 
recrystallization process (2) or micritization (3). Thin section no. 439.5 

129 
7.3A,B). Very small, rounded (5-35 µm) and rectangular (average 20x35 µm) 
disseminated hematite grains and ferromanganese micronodules are sparse (1-2.5%, 
Fig. 7.3D). Bored and eroded green glauconites (<450 µm, Fig. 7 .3D) are rare and 
are confined to a transition zone between grey limestones and red limestones at the 
base of this rock unit. Very fine quartz shards and rounded aeolian quartz silt ( 40-
100 µm) are also present (<1 %). Small diagenetic pyrite crystals with square cross-
section are rare. 
Fauna: Ostracods ( 40-60% ), crinoids (<10% ), trilobites (<10%) and calcispheres(l-
7.5%) are the dominant fauna with subordinate calcareous and a few siliceous sponges 
(spicules), brachiopods, bivalves, gastropods, calcareous algae, nautiloids, and 
conodonts. Stromatoporoids, corals and bryozoan are very rare. The skeletons 
usually show extensive biodegradation in the form of borings (Fig. 7.3C), micritized 
rims and maceration (Fig. 7.4E). 
Peloids: Most peloids (10-150 µm) are spherical but some are ovoid. Under the 
conventional microscope, they consist of homogeneous micrites without the internal 
structure but some of them show a mixture of very fine bioclasts and micrites under 
the SEM. Therefore, these peloids may be the faecal pellets of detrital feeding 
organisms such as crustaceans and worms. 
Intraclasts: There are two types of rounded intraclasts. The red, intraformational 
intraclasts (<18mm) have the same lithology as the stromatolites and are usually coated 
by a dark reddish brown ferromanganese crust (Fig. 7.3B,4A). The grey, well 
rounded intraclasts are different and contain abundant calcareous tubes within finer 
micrites similar to the common calcareous algal fragments in the older formations. 
They are interpreted as extraclasts transported from shallow areas up ramp. Coniglio 
and James (1985) also described the Epiphyton intraclasts"from the Lower Palaeozoic 
limestone, Cow Head Group, western Newfoundland as the breakdown products 
from platform margin. 
7 .3.3 Ferromanganese Micronodules 
Three forms of ferromanganese micronodules (2-18 mm) have been observed.: 
reddish brown multilayered micronodules (Fig. 7.3A), brownish red encrustations 
and/or impregnations around fossil fragments (Fig. 7.3B), and thin dark reddish-
brown encrustations around red intraclasts (Fig. 7.3B, 7.4A). Ferromanganese crusts 
of the first two categories show the developments of colloform structures simulating 
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stromatolite growth whereas the last commonly has no form but is thin and amorphous 
and forms very fine-grained ferromanganese crusts surrounding limestone clasts. The 
occurrence of ancient ferromanganese nodules in sublittoral to deep basin 
environments ranging from Precambrian to Miocene was discussed by Jenkyns 
(1977). Two major, purely inorganic, processes have been proposed for the formation 
of marine ferromanganese nodules. These are diagenetic growth processes (e.g. 
Tucker,1973; Calvert and Price,1977; Halbach,1986) and accretion in the form of 
precipitation directly from sea water (e.g. Jenkyns,1977; Halbach,1986). However, 
macro and micro-organisms have been implicated in the growth of these nodules (e.g. 
· Hofmann,1969; Sorokin,1972; Dugolinsky et al.,1911; Monty,1977; McCave,1988). 
Many lines of evidence suggest that most of the Pa Kae micronodules formed during __ 
very early sea-floor diagenesis as indicated by the growth of stromatoporoids on red 
intraclasts after ferromanganese encrustation (Fig. 7.4A), by boring across 
recrystallization and iron impregnation zone at the rim of large skeletons (Fig. 7.4F), 
by boring across .marine equant spar layers in between ferromanganese layers (Fig. 
7.4C~ of the nodules, and by the isopachous nature of marine equant spars 
surrounding many ferromanganese nodules. 
Nevertheless, some micronodules with symmetrical, colloform structure 
surrounding skeletal grains Cio not show synsedimentary features. It is possible that 
some of these are genuine diagenetic micronodules formed during early diagenesis just 
below the sediment/water interface as are modern rough surface (type-r) nodules in the 
central to southern Central Pacific Basin (Usui, 1983/1984). Therefore, the Pa Kae 
ferromanganese micronodules are either the result of seafloor precipitation or early 
diagenetic growth. The former type is dominant. The role of stromatolites in the 
genesis of these micronodules is not clear. 
"' 7 .3.4 Disseminated Haematite Grains 
Dark red to black haematite grains (2.5%) are commonly round and oval (5-35 
µm) with some having subround square, rhombic to hexagonal (5-12 µm) and 
rectangular (average 20-35 µm) cross section. The hexagonal shape is rare. They are 
haematitic with bright red internal reflection under the conventional microscope. Faint 
infiltration of grains on large skeletons has been observed (Fig. 7 .3D). Patchy 
amorphous haematite is usually a cement between grains (Fig. 7.4E) resulting in 
intraskeletal porosities with a lump texture (Fig. 7.3A) after the dissolution of the host 
skeletons. This finely divided haematite and the amorphous haematite imparts the red 
coloration to the Pa Kae stromatolites as they do to those of the Canning Basin 
(Playford et al. , 1976). 
131 
Playford et al. (1976) proposed a bacterial origin for the iron of the Canning 
Basin stromatolites which probably precipitated originally as goethite (Playford et 
al.,1976). It is one of the most common iron minerals in modem marine sediments 
and in ferromanganese nodules. This hydrous iron oxide firstly deposits on the 
seafloor and transforms into haematite with time (Murray ,1979). Von der Borch 
(1972) also reported the primary precipitation of amorphous goethite mud from deep 
sea core sites 37 and 39, off the west coast of the USA. The Pa Kae haematite may 
have been precipitated direct from sea water in the form of goethite and subsequently 
transformed to haematite during early seafloor diagenesis. The weak infiltration of 
grains by haematite suggests the redistribution of some haematite particles by bottom 
currents. Even though the morphology of haematite grains is similar to that of 
magnetites produced by magnetotactic bacteria (McNeil,1990), the possibility of 
haematite forming from those magnetites is less probable because the grain sizes of the 
Pa Kae haematites are varied and much larger than those of ultrafine-grained (0.04-0.5 
µm), single-domain biogenic magnetite (Kirschvink>and Chang,1984; Stoliet 
al.,1990). A.detrital mode of haematite is ruled out since other detrital grains within 
the rock are quite rare. The remobilization by diffusion of iron during early diagenesis 
did occur because there is a black halo surrounding ferromanganese micronodules, 
and a filling of haematite within skeletal molds (Fig. 7.3B,D). 
The micritic matrix between allochems is either detrital, a maceration product 
or the result of marine precipitation as discussion later. 
7.4 Diagenesis 
The rate of sedimentation of the Pa Kae red stromatolitic limestones was very 
slow as shown by the occurrence of ferromanganese nodules (Ku, 1977, Andreyev et 
al.,1987), green and yellowish green glauconite pellets (McRae,1972, Odin and 
Letolle,1980), extensive boring of carbonate grains and the formation of hardgrounds 
(Fig. 7.4B). Therefore, many early diagenetic events, either destructive or 
constructive, could occur on this well oxygenated seafloor, during the deposition of 
the Pa Kae, including the grain alteration leading to micrite formation and neomorphic 
spars prior to, during and after binding and trapping processes (Fig. 7 .5E). 
Subsequently extensive cementation resulted in early marine lithification. Burial 
cements are subordinate and restricted to large pore spaces. The compaction effect is 
extensive at the contact between limestone and mudstone layers. 
7 .4.1 Grain Alteration 
Fig. 7 .5 Destructive and constructive diagenetic features. 
A.Thin-section photomicrograph exhibiting the impregnation of red Fe-Mn 
crust in colloform structure (white arrow) .into early marine 
recrystallized rim of a bioclast. Subsequently, this clast was bored (1) 
across the impregnated zone into the original ~n inside (2). Then, the 
bored holes were filled by equant spars (short black arrow) and micrites 
(1). Thin section no. 38?.15 
B. Thin-section photomicrograph illustrating the paragenesis of the rock. 
After the Fe-Mn impregnation (white arrow) into the recrystallized zone 
around the bioclast, marine spars (1) precipitated from sea water and 
micritic and pelletal internal sediment was deposited in the sheltered 
porosity following by burial blocky spars (2). Then, the burial 
recrystallization of the remaining original bioclast took place through a 
dissolution /reprecipitation process leading to further burial blocky spars 
filling in the dissolution moldic porosity (3) and the remaining sheltered 
porosity. Thin sect~on no. 389.15 
C. Cathodoluminescent photomicrograph of B. The non luminescent equant 
spars (1) represent the early marine cenientation on the oxygenated 
. ' 
seafloor. Further dull luminescent blocky spars (2) suggests the 
precipitation occurred under strong reducing condition during, the 
decomposition of stromatolites and other organic matter after burial. 
Subsequently, bright luminescent blocky spars (3) developed under 
moderate reducing condotion at deeper burial. 
D. SEM of subrhombic micrite fringe around bored ostracod carapaces (top 
center). The systematic alignment of this micrite indicates that they 
precipitated from sea water as a cement, possibly under photosynthetic 
control. Thin 1~ection no.359.l 
E. SEM showing the leaf-like, calcified stromatolitic sheath embedded by 
rhombic microspars (top left) and rhombic micritic cements (middle 
right) within a spar-rich laminae. Broken slab no. 433.4 
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Abrasion and fragmentation of carbonate skeletons are not as important in this 
regime as bioerosion and chemical alteration, maceration and recrystallization. 
Maceration is a dominant process. 
Bioerosion: Biological breakdown by borers has been recognized in many large 
skeletons including crinoids, trilobites, bivalves, brachiopods and dasyclades. 
However, crinoids, bivalves and trilobites are the preferred substrates for excavation 
(Fig. 7 .3C). It is less obvious in the microfauna probably because they are usually 
modified by chemical alteration (Fig. 7.4D). Crustacea, molluscs, sponges,, 
echinoids, worms, blue green algae, fungi and bacteria are listed as borers excavating 
present day unconsolidated particles (Milliman,1974). In_ the present case echinoids, 
blue green algae, worms, fungi and bacteria borers are less probable candidates or rare 
because of the absence of large but shallow, oval to circular cylindrical bore holes (30-
500 µm in diameter) in random orientation within macrofauna shells (Neumann,1968; . 
;; ·. Coudray and Montaggioni, 1986). Moreover crustaceans can be discounted because 
their holes are closely space and most common in intertidal environments. Therefore, 
the most likely borers are small molluscs and sponges. Indeed, mollusc shells have 
been observed in holes bored perpendicular to hardgrounds (Fig. 7.4B). However, 
thick micritic envelopes surrounding ostracod carapaces indicate the presence of 
microalgae and/or fungi (Bathurst,1975). The early cement and recrystallized spar as 
well as hardgrounds were also attacked by these boring organisms (Fig. 7.4B,C,E,F). 
Maceration: All ostracod carapaces, other microfauna, and some large skeletons, 
especially brachiopods, show a gradual breakdown into various shapes of micrites 
after the decay of soft tissues on the seafloor (Fig. 7.4D,E,F). Micrite shapes depend 
on the mineralogy and structure of their original carbonate skeletons 
(Alexandersson,1979) and degree of disintegration. The most common shape is a 
granule with some rods and polygonal plates or irregular flakes. Fibrous grains are 
rare. Macerated micritic grains range from 0.5-10 µm. Due to the various degree of 
disintegration from partly altered grains (Fig. 7.4D) to loose individual micrite 
granules (Fig. 7.4E) preserved along binding and trapping stromatolite layers prior to 
cementation by micritic cements and rhombic microspar (Fig. 7.6B,C), the maceration 
process took place on the seafloor as in the case of the North Sea, Skagerrak 
carbonates (Alexandersson, 1978, 1979). 
Recrystallization of Macrofauna Skeletons: The destruction of macrofauna 
by the selective recrystallization of the skeleton has been commonly observed in many 
molluscan shells (Fig. 7.4F, 7.5A, 7.5B), trilobites and echinoderm ossicles. It is 
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found that bivalves were readily affected by this process but echinoderms were less 
prone to alteration, because of ferromanganese staining or filling in the stereome, as 
with the haematization of crinoid ossicles from the Upper Devonian griotte of the 
Montagne Noire, France (Tucker,1973). Microfossils and shells such as those of 
brachiopods which suffered from extensive maceration and micrite encrustation show 
no recognizable recrystallization (Fig. 7.4D,F), even under the SEM (Fig. 7.6B). The 
alteration firstly occurred at the shell walls of trilobites and molluscs and progressed 
towards the middle part of skeletons where the original shell structures are sometimes 
preserved as relicts (Fig. 7.4F). But the alteration of brachiopod and echinoderm 
skeletals is selective and random. Completely recrystallized grains are rare. 
Recrystallized products, the neomorphic spars (LMC), are finely to coarsely granular 
and the small blocky (15-150 µm) mosaics have either irregular or some plane 
intercrystalline boundaries. Some crystals have a preferred elongation normal to the 
shell margin (Fig. 7.4F). The boundaries between the spars and the relicts as well as 
micritic matrix are sharp. The recrystallized grains still retain the original shape of the 
shells and in some cases evidence bored holes across the transformation zone into the 
relicts (Fig. 7.4F, 7.5A). Red ferromanganese impregnation in colloform structure 
(Fig. 7 .5A) and/or staining within neomorphic spar layers is common. 
The recrystallization of bioclasts is common in many ancient limestones 
including the Jurassic limestones of Britain (Hudson,1962,1965), limestones of 
Eniwetok and Guam (Schlanger,1964), Lower Miocene limestones of the Darai 
Complex of Papua (Banner and Wood,1969) and the British Dinantian limestones 
(Bathurst,1975). It is an in situ replacement of metastable grains by calcite through 
the migration of a solution film following the conversion of aragonite to calcite. in 
marin~ environment (Banner and Wood,1964) or following the framework stage 
(Benson,1974) when the only surviving porosity of the rock is 1-2% in the solution 
film of the intercrystalline boundaries (Bathurst,1975). ·It occurs in shallow phreatic 
meteoric diagenesis (Land,1971; Hudson,1962; Sandberg and Hudson,1983), at 
shallow depth below the seafloor (Baker et al.,1982) or late after burial 
(Bathurst,1983). Purdy (personal communication, 1991) has never found it in the 
recent marine environment. 
The boring across the neomorphic spars surrounding skeletons (Fig. 7.4F, 
7 .5A) within the Pa Kae limestone suggests a very early diagenetic event prior to 
marine cementation. The first recrystallization of the Pa Kae bioclasts possibly 
occurred through a solution film in the reducing microenvironment shortly after the 
decomposition of organic matter within the shell wall and following the conversion of 
aragonite and HMC to calcite as evidenced by the relicts (LMC) of original grains, and 
the bright luminescence without zoning of the neomorphic spars (Fig. 7. 7 A,B ). The 
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red ferromanganese impregnation as a colloform structure into the alteration zone (Fig. 
7.5A) should be later in an oxidizing environment on the sea floor. However, some 
original grains and relicts could survive to completely transform by dissolution-
reprecipitation process after burial. This indicates by the filling of bright luminescent 
blocky spars (50-300 µm) within the frame of bright luminescent subequant 
neomorphic spars and red ferromanganese colloform structure after non-and dull-
luminescent spars in the shelter porosities under the former skeleton grain (Fig. 
7.5B,C). Later neomorphic blocky spars extend acr<?SS the skeletal frame to merge or 
epitaxial with bright luminescent blocky spars in shelter porosities. 
7.4.2 Cementation 
The significant role in forming the Pa Kae stromatolites was played not only 
by the destruction and production of grains by grain alteration processes and the 
binding and trapping of sediments mechanism but also by subsequent submarine and 
burial cementation. The role of the stromatolites in early submarine lithification will be 
discussed in detail. Evidence of meteoric diagenesis has not been observed in this 
rock. 
7.4.2.1 Submarine Cements and Hardground 
Micrite Cements: There are two forms of this extensive cement : micrite envelopes 
or fringe of micrite (Fig. 7.4E, 7 .5D) and intergranular micrite cements (Fig. 7 .5E). 
Micrite fringes up to 40 µm thick on microfaunal skeletons are nearly ubiquitous and 
mostly occur with well defined lineation surrounding ostracod carapaces (Fig. 7.5D) 
and irregular boundaries on other with bioclasts (Fig. 7.4E). Other micrite cements 
are usually associated with larger micro-rhombic spars within intergranular porosities 
along spar-rich stromatolitic laminae (Fig. 7.5E) and have a tendency to mix with or 
encrust the detritral micrites (Fig. 7.6B). These micrites are different in their form and 
size from grain alteration micrites. They are subrhombic to rhombic and their 
polyhedral crystals are smaller, ranging in size from 0.4-7 µm. Micrite envelopes are 
the result of micritization of the skeletons by either boring or encrusting algae 
(Bathurst,1975; Sibley and Murray,1972). Both micrite envelopes and intergranular 
micritic cements are here interpreted as largely biotically-induced precipitation (Kobluk 
and Risk,1977;Tsien,1985; Burne and Moore,1987) rather than inorganic precipitation 
or recrystallized lime mud (Moshier, 1989). They are the earliest phase of cementation 
as envelopes or fringe and continued to precipitate during microspar formation as 
"micrites in the cold water carbonates, of the Berriedale Limestone (Lower Permian) of 
Fig. 7 .6 Thin-section and electron photomicrograph (SEM) of early marine and burial 
cementation. 
A. Nearly uniform fringe of LMC equant cements around red intraclast which 
were formerly impregnated or encrusted by dark red Fe-Mn minerals (1). 
Then isopachous cements themselves (2) were also impregnated by those 
minerals in colloform structure (white arrow). 
B. SEM exhibiting a partly macerated ostracod carapace (1), detrital micrites 
including granule (2) and flake (3) shapes, partly dissolved rhombic 
microspars (4,5), zoned microdolomite (6), and subrhombic micritic 
cements (bla(;°k arrow) embedded detrital micrites: Allochems and detritals . 
micrites were trapped and bound by calcified filamentous cyanobacterial 
sheaths (white arrow). Subsequent rhombic microspars embedded a 
stromatolitic sheaths (above 4). The microdolomite also embedded the 
detrital micrites (6), calcified sheaths, and microspars. Broken slab no. 
433.4 
r· 
C. SEM showing well developed rhombic microspar crystals that nucleated on 
and grew away from a fenestral wall. Broken slab no. 433.4 
D. Half stained (left) thin section illustrating multigeneration of early marine 
internal sediments and marine cements alteration within large cephalopod 
intraskeletal porosities. Two generations of mainly micrite internal 
sediments with an erosional contact between them lying on the bottom of 
pore chamber (1,2). Note the large intraclasts in the second generation 
layer. This was followed by the cloudy radiaxial fibrous calcite with 
botryoidal outline (3). Then the third generation of internal sediments 4, 
mainly pellets, deposited; and followed by the burial blocky spars (5). · 
Stylolites modified the bottom part of this skeleton. All of those diagenetic 
features were cut through by ferroan fibrous calcite veinlets (6) and were 
.,. 
subsequently replaced by locally deep-burial xenotopic dolomites (arrow). 
Thin section no.389.11 
E. The micritic internal sediments (1) deposited within the upper cephalopod 
chamber while cloudy radiaxial calcite cements with botryoidal structure 
(2) dominated the lower one. Very rare irregular marine bladed cement 
(arrow< 3) grew from cephalopod into a sheltered porosity with increasing 
crystal sizes. Thin section no. 439 .1 
F. The red intraclast (1) bound by an ostracod carapace and erosional surface 
with Fe-Mn crust (white arrow), the outer rim of ostracod carapaces was 
cemented by a thin equant spar crust subsequently impregnated by Fe-Mn 
mineral (red, long arrow). Micritic internal sediments (2) deposited within 
a sheltered porosity following by equant spars which were bored (curve 
arrow) after the lithification of hard grounds. Thin section no. 409/11 
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Tasmania (Rao,1981). In modern seas, the LMC rhombic and polyhedral calcite 
cements (2-4 µm) have been found forming vertical hardground on the deep-sea floor 
of Tongue of Ocean in the Bahamas (Schlager and James,1978). However, the dull 
luminesc~nce of the Pa Kae micrites (Fig. 7 .7 A,B,C,D) suggests that they have gone 
through the recrystallization process to some degree. But the recrystallization of 
micrites should be slight because n~ strong alteration features have been observed, 
even on SEM (Fig. 7.5D,E; 7.6B,C) perhaps because of their original calcite 
mineralogy with rhombic crystals. 
Isopachous Equant Cements: The cement fringes are present as a minor early 
diagenesis component. They usually form a thin (30-200 µm thick), irregular 
isopachous crust on intraclasts (Fig. 7.6A) and bioclasts (Fig. 7.6F) or as a 
discontinuous interlayer within ferromanganese nodules (Fig. 7.4C). The individual 
crystals are clear, and anhedral to subrhombic ranging from 10-210 µm. The fringe 
cements are usually impregnated by red ferromanganese mineral in colloform structure 
cross-cutting crystal boundaries. Spars within ferromanganese nodules are clean but 
heavily bored (Fig. 7.4C). The other type of isopachous equant cements is more 
common, larger ( up to 250 µm), and usually occurs as an isopachous crust lying as 
the first cement in shelter and fenestral porosities (Fig. 7.7A) with increasing grain 
size toward a pore centre. They are nonluminescent cements. The bright orange 
luminescence of the isopachous equant cement fringes in the zone of ferromanganese 
impregnation and nonluminescence of equants spar outside that zone, and of spar 
laminae followed by non-luminescent, later equant spars within shelter porosities (Fig. 
,7.7 A,B) suggest occasional reducing conditions of a generally well-oxygenated sea 
floor environment. 
Microspar Cements: Under the SEM, microspars (5-100 µm) ar..e either scattered 
individual rhombic crystals (Fig. 7.6B) or druse scalenohedral and rhombic crystals 
growing with increasing grain sizes from the substrates (Fig. 7.6C) into larger 
microporosities along stromatolite laminae, especially within spar-rich layers. They 
fill nearly all pores within the Pa Kae limestones, especially intergranular porosities, 
and usually embed the former micrites (Fig. 7.6B). Corroded margins are common in 
some layers. In large geopetal ca_vities within macrofaunas or shelter porosities (Fig. 
7 .6D, 7 .7 A), microspars usually occur as the first cement precipitating at the same 
time as the infiltration of the internal sediments including micrites, peloids, tiny 
skeletons, small intraclasts, microspars and equant crystal silts. But in small geopetal 
cavities within microfaunas, they are the only cements (Fig. 7.4E). With CL, these 
microspars nearly always exhibit no luminescence (Fig. 7.7D). In some instances, 
Fig. 7.7 
-
Thin-section (left) and cathodoluminescence photomicrograph (right) 
showing the diagenetic fabrics. 
A. and B. The original skeletons including ostracodes and trilobites (white 
arrow), the first marine equant cements (1) Rhombic microspars within 
the ostracod .carapaces are non-luminescent suggesting the oxidizing 
nature marine formational water 
B. The zonation of burial blocky spars begin asdull to bright luminescence 
in the middle of the shelter porosity, suggesting the change from strong 
to moderate reducing conditions after burial. Recrystallized calcite with 
Fe-Mn impregnation around the trilobite skeleton (white arrow) and 
amorphous haematite patches or impregnation within micritic matrix 
show bright luminescence whereas micrites themselves are dull. Thin 
section no. 359.1/0.3 
C. and D. Two generations of internal sediments: the first generation (1) is 
micrite with microspars within the ostracod carapaces and pellets in a 
sheltered porosity, the second is biomicrite within a moldic porosity (D) 
. The typically complete cathodoluminescent zonation of cement begins 
from non to dull and bright luminescence as B. Microspars, equant 
spars, and original skeletons are also nonluminescent. Thin section no. 
359.1/1 
E. and F. Multigenerations of internal sediments and cements within a 
cephalopod intraskeletal porosity show a different cathodoluminescent 
zonation than 7.7 B. Dull luminescence of micritic layer 1and2 as well 
as of marine radiaxial fibrous cement (3) is interpreted as forming in a 
reducing microenvironment OI). the sea floor . The bright luminescence 
of blocky spars (5) suggests precipitation in rather deeper burial 
whereas another dull luminescence of ferroan blocky calcite cement in 
the middle of pore and fibrous cements in veinlets indicate the formation 
of these· cements long after burial. Blue luminescence of internal 
sediments (1) in F possibly suggests clay mineral contamination. Thin 
section no. 389.11 
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however, a very dark dull luminescence is observed in some microenvironments (Fig. 
7.7F). Therefore, it seems likely that microspars are principally synsedimentary 
cements precipitating directly from oxidized sea water with some microspar forming 
later during the decomposition of organic matter or at the same time in specific 
reducing micro-environments. 
Radiaxial Fibrous Cements: They are very scarce and confined to the 
intraskeletal porosities of nautiloids. The fibrous crystals have a very dark dull 
luminescence, and are cloudy, large, elongate crystals (up to 500 µm long) with 
vague subcrystal outlines (Fig. 7 .6E), forming isopachous crusts in the form of a 
botryoidal 'structure. Radiaxial cements either alternate with internal sediments 
~ -
(Fig6D) or are overlain by blocky spars (Fig. 7.6E). They were also an early marine 
cement forming in reducing micro-environments within skeletons as shown by very 
dark dull luminescence. 
Submarine Hardgrounds and the Role of Stromatolites: Exte.nsive marine 
cementation lead to the early lithification of the Pa Kae stromatolites at the sediment/ 
water interface as demonstrated by many features including : (1) the excellent · 
preservation of the stromatolite sheaths (Wright and Wright,1985), (2) the 
ferromanganese crusts lying upon some erosional and bored surfaces (Fig. 7.4B) 
which truncated shells, and (3) the marine organisms that grew on the lithified 
surfaces. Additional evidence are in the form of (1) intraformational intraclasts (Fig. 
7.4A), (2) boring across marine cements (Fig. 7.4C,E), (3) multigeneration of internal 
sediments and marine spars (Fig. 7.6D,F), (4) nonluminescent equant cements 
forming as the first cements in many shelter porosities (Fig. 7.7), (5) fenestrae, and 
(6) neptunian dikes (Fig. 7.8E). The lithified stromatolites acted as hardgrounds and 
provided a source of red intraclasts, for the subsequently covered by later stromatolitic 
. 
layers which grew upon the partly eroded surface. Both stromatolitic generations 
commonly have the same morphology. Erosional surfaces on these hardgrounds are 
probably rare or vague unless they were heavily bored by organisms and covered by 
thick ferromanganese crusts. The rarity is possibly the result of the rapidly upward 
growth of cyanobacteria covering the surface and protecting it from erosion and 
boring. Pratt (1982a) regarded this covering as a protective living algal mat cover. 
It is clear that stromatolites play an important role on the accumulation and 
stabilization of allochthonous carbonate grains along stromatolitic laminae by the 
trapping and binding mechanism (Neumann et al.,1970; Scoffin,1970; Golubic and 
Focke,1978) but their role in synsedimentary submarine lithification events is not 
clear. Burne and Moore (1987) suggested that the lithification of the modern subtidal 
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stromatolites of Shark Bay (Burne and James,1986) may be partly the result of 
calcification of spherical microbial bodies whereas Logan et al. (1964) favoured 
entirely abiological cementation. It is still a matter of controversy. Based on the 
abundance of well-preserved aphanitic calcified stromatolite sheaths of filamentous 
and coccoid bacteria (Fig. 7.2F, 7.5E, 7.6B) within the Pa Kae stromatolites, the 
calcification of the stromatolitic microstructure had occurred early, preceding extensive 
cementation and the decomposition of organic matter. Calcified stromatolitic sheaths -
were engulfed by rhombic spars and micrites (Fig. 7.6B). The calcification of the 
stromatolitic elements themselves was possibly formed by the precipitation or 
\ 
impregnation (not encrustation) of amorphous calcite in and/or on the stromatolitic 
sheaths as suggested for modern micrite-walled tubes of Girvanella from Aldabra 
Atoll by Riding (1977). He stated that under biochemical control, micrite grade 
crystals can impregnate living Girvanella mucilaginous sheaths in meteoric 
environments but this photosynthetically induced CaC03 precipitation will be limited 
in normal marine environments because of the buffering capacity of sea water. 
However, in this case it possibly occurred in a deep sea condition. Scoffin (personal 
communication) stated that Girvanella is not a modern alga while Plectonema is the 
modern alga from Aldabra. 
The calcification process of stromatolites is biologically controlled (Burne and 
M-0ore, 1987) through the photosynthetical uptake of C02 from sea water by 
cyanobacteria. - This results in amplifying supersaturation (Kempe and 
Kazmierczak,1990) or decreasing pC02 (Williams,1983) and elevating pH 
(Halley, 197 6) of sea water which in turn triggers the precipitation of fine-grained 
calcite and calcification of shells and faecal pellets (Kempe and Kazmierczak,1990). It 
is a bulk extracellular and/or intercellular biomineral formation (Lowenstani,1981) 
and its product has crystal habits similar to those of abiotic precipitation 
(Lowenstam,1981). The high a13c value (up to 3.5%o PDB) of the Pa Kae (Table. 
7.1) suggests that in situ photosynthesis induced the precipitation of calcite including 
micrites, and microspars. Therefore, the early submarine cementation of micrites and 
microspars during submarine lithification and the formation of the hardground 
following the calcification of stromatolites is wholely or at least partly biogenic but 
most spars within larger cavities such as shelter and intraskeletal porosities including 
burial cements are of abiotic origin. The other biogenic process, the bacterial 
decomposition of organic matter via anaerobic respiration inducing carbonate 
precipitation in some stromatolites (Purdy,1963; Lyons- et al.,1984; Lanier,1988), 
seems to be less important during the calcification of the Pa Kae because of their 
sheaths, nonluminescent rhombic spars and heavy isotopic composition of the rocks. 
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This is the result of either early calcification of the Pa Kae on an oxygenated sea floor 
prior to organic decomposition or to the different kind of Pa Kae microbial 
communities. 
7.4.2.2 Burial Dissolution and Cementation 
The dissolution of many skeletons more stable than those which were 
recrystallized during destructive diagenesis occurs at shallow burial depths shortly 
after marine lithification leaving moldic porosities and partly providing CaC03 for 
further burial cementation. Dissolution of some corroded rhombic spars (Fig. 7.6B) 
should occur at this stage because of burial cementation inducing undersaturation with 
respect to calcite of pore fluids. 
Blocky Cement: The moldic porosities and the other retentive primary porosities 
subsequently filled with clear, non to bright luminescent blocky spars (up to 300 µm, 
Fig. 7.7C,D). The zonation from non to dull and bright luminescence in shelter spars 
with CL suggests the gradual change of pore fluid chemistry from an oxidizing 
condition shortly after burial to strongly reducing fluids during the decomposition of 
stromatolites and other organic matter, and to moderate reducing conditions late after 
burial. .This is also shown by the occurrence of dull ferroan calcfre filling in veins, 
veinlets, as the last cement in some large voids (Fig. 7.7E). 
7.4.3 Dolomitization 
Microdolomites are the least abundant but nevertheless an important diagenetic 
component. They usually occur either within the stylo~ite seams (mudstone layers) 
and/or replacing various_, type of micrites, allochems and cements within biomicrites 
(Fig. 7.6B, 7.8A). Dolomite crystals (15-250 µm) are commonly hypidiotopic to 
idiotopic, cloudy with some clear rims. Some of them are bro~en and truncated by 
stylolites. Under SEM, some microdolomites exhibit zones, and embedded micrites 
and microspars (Fig. 7.6B). Micrites are the most susceptible to dolomitization 
whereas the faunal skeletons are the least. Based on this evidence, most of the Pa Kae 
microdolomites are considered to be of early burial dolomitization following 
submarine cementation and lithification but prior to compaction and the formation of 
neptunian dykes which are filled with laminated grey micrites and broken spar (Fig. 
7.8E). 
The aiso and aBc values of the Pa Kae dolomites range from -2.6%0 PDB to 
-10.7%0 PDB and -0.4 to +l.6%0 PDB respectively. The heaviest aiso isotopic 
Fig. 7 .8 Thin-section photomicrograph showing dolomitization and compaction 
fabrics. 
A. Half stained thin-section Photomicrograph of thin section (half only 
stained) illustrating local dolomitization. Early burial dolomite has 
slightly cloudy centers and clear rims, hypidiotopic, and broken (black 
arrow). It replaced micrites (1), bioclasts (white arrow) and equant spar 
cements (2). Thin section no. 409.1 
B. The compaction effect on lithology and bedding occurred during early 
shallow burial as evidenced by the plastic deformation of semilithified 
limestone layers (1), the collapse and penetration (structure) of 
limestone layers downward to break down some skeletal grains within a 
mudstone parting (2), and the dewatering lamination (3). The cross 
cutting and the relation between the blocky spars and stylolite (white 
arrow) indicate that some blocky cements occurred early during shallow 
burial. Thin section no. 409 A 
C. Hummocky to smooth and low amplitude stylolites are common within 
limestone layers. Thin section no. 409.5 B 
D. In contrast to C., stylolite seams are common within relative thinner 
limestone layers and thicker mudstone partings. They modified the 
original bedding to the nodular structure. Note the macrobioclast content 
in limestone within D. is much lower than that in C. and is nearly absent 
in mudstone layers. Thin section no. 409.4 
E. Three generations of laminated internal sediments (1,2,3) filling in a 
neptunian dike which cut across the original bedding and stylolites. 
Subsequently, blocky calcite veinlet partly cut through all of those 
fabrics. Thin section no. 440.2 
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composition of -2.6%0 PDB and ()13C isotopic composition of l.6%oPDB suggest that 
the dolomitizing fluids are similar to sea water of that age and the formational 
palaeotemperatures are probably close to those of normal sea water. Mg supply may 
partly come from the dissolution of Mg-calcite skeletons. The dull to bright 
luminescent zonation emphasizes the fluctuation of formational fluids from strong to 
moderate reducing conditions during the decomposition of organic matter, possibly by 
sulphate reducting bacteria. But the decomposition of organic matter by either aerobic 
bacteria in oxidizing environment in well oxygenated pore fluids close to rock/water 
interfaces or by sulphate- reducting bacteria within stagnant and anoxic pore fluids 
below the uppermost zone of the sea-bed produces isotopically light C02 and 
biocarbonate with d~pleted ()13c (-25%0 PDB, Scoffin,1987). Therefore, another 
process must be involved and responsible for ()13C isotopic enrichment up to 1.6%0 
PDB. The other possibilities are that microdolomites occurred after the decomposition 
of organic matter in the normal reducing conditions of the burial environment or 
occurred below the sulphate reduction and organic fermentation zone. The last 
possibility is not so likely since much evidence favours shallow burial including the 
enrichment of ()18Q up to -2.6%0 PDB and most of organic matter was probably 
destroyed on the sea floor by oxidation. 
If the Pa Kae dolomites had formed within the zone of methanogenesis, they 
would have had ()13c values more than +20%0 PDB (Irwin et al.,1977). On the 
contrary, a13c values up to+ 1.6%0 PDB of the Pa Kae are close to the average value 
of 2.3%o PDB of the Enewetak Atoll dolomites (Saller,1984) which formed from 
normal sea water. The slightly a13c depletion from those of the Pa Kae dolomites 
suggests that they formed from the slightly modified normal sea water by the· 
decomposition of some remaining organic matter. However, some small 
xenotopic,very dull luminescent microdolomites (up to 200 µm) formed late after 
burial and replaced burial blocky spars and ferroan calcite in veinlets (Fig. 7 .7E,F). 
Therefore, the localized replacement dolomitization· may have developed throughout 
. the burial history of the Pa ·Kae,but the most commonly was precompaction. This is 
confirmed by the ()18Q depletion of some dolomites to -10%0 PDB. The 
recrystalli~ation or accretion of early diagenetic dolomites should be expected 
(Land, 1980) since many of them show cloudy center and clear rim fabrics. 
7.4.4 Compaction and Bedding 
No significant physical compaction features have been observed within the 
limestone layers because of the extensive early cementation during sea floor diagenesis 
and the early phase of burial as mentioned earlier. However, the compaction can be 
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concentrated in the less cemented strata (Bathurst,1987) as evidence by plastic 
deformation in the thinner part of limestone layers enclosed by mudstones (Fig.7 .8B). 
The differential lithification between limestones and mudstone partings also resulted in 
the formation of the physical compaction features when the compaction stress _ 
increased. These compaction features include the collapse and dislocation of the 
limestone layers which penetrated downward to break down or dislocate the skeleton 
grains within muds tones, and the dewatering laminae of mudstones (Fig. 7 .8B). In 
contrast, chemical compaction is extensive within both limestones arid mudstones 
leading to the formation of stylobreccia, hummocky to smooth and low amplitude 
stylolites, stylolite seams or dissolutio_n seams (Fig. 7 .8C), and even stylonodular-like 
bedding (Logan and Semeniuk, 197 6) within the zone of thinner limestone layer ( <30 
mm) with relatively thick mudstone partings (Fig. 7.8D). Clay minerals and some 
dolomites are commonly concentrated in the seams as stylocumulate. 
Therefore, not only does the stromatolite morphology provide a ~avy 
appearance (Fig. 7 .2A) in the limestones ( <3 cm thick) but compaction also induces 
the formation of nodular structure. These beddings are neither rhythmic diagenetic 
bedding,which originates by diagenetic carbonate dissolution and cementation in a 
closed carbonate system at several 100 m depth (Ricken,1986), nor diagenetically 
enhanced bedding (Bathurst,1987). But, they are partly an original marine rhythmic 
sequence or periodiates (Duff et al.,1967; Einsele,1982) and partly diagenetic 
modified bedding. As a whole, it is a rhythmic alternation of a wavy stromatolitic 
controlled-limestone-bedding, and very thin depositional mudstone-bedding on the 
upper part of the Pa Kae Formation whereas the diagenetic induced nodular bedding 
dominates the lower part of the sequence. They still record a periodically changing 
environment with a small break during their deposition (Einsele,1982). 
Although, it is most likely that dissolution of limestones during the early stage 
of stylolitization provided CaC03 for burial cementation of this formation 
(Barrett,1964; Bathurst,1975; Hudson,1975; Nelson,1988; Finkel and Wilkinson, 
1990); the cementation, lithification, and fluid-assisted fracturing ceased prior to the 
completion of stylolitization as shown by the cross-cutting of stylolites through blocky 
spars (Fig. 7.8B,C) and offsetting of short wedge-like veinlets. Stylolitization also 
finished prior to significant burial, shortly after most of pore spaces were obliterated 
by burial cementation (Nelson,1978,1988). This is suggested by the occurrence of 
neptunian dykes cutting across the stylolite seams (Fig. 7.8E). Physical compaction 
continued and created shear and tension fractures cutting through bedding and all 
former diagenetic elements, and subsequently filling by ferroan fibrous calcite (Fig. 
7.6D).· These fractures may occur at moderate to considerable depths. The partly 
translucent dark brown to dark gray, texturally unaltered conodonts with CAI of 3-4 
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Table 7 .1-Major and minor elements and some isotopic compositions for the selected ciub0nates 
from the type section of the Pa Kae Formation 
Sample no. also anc Ca% Mg% Ca/Mg Sr(ppm) Mn(ppm) Fe(ppm) 
A.Micrite (Biomicrite); red limestone at Ban Pa Kae 
1. 359.1/0 -6.7 3.3 34.5 0.4 90.8 255.1 1072.2 1407.5 
2. 359.lTop -9.2 2.4 35.0 0.4 100.0 193.1 673.6 1354.3 
3. 359.1/0.3 -10.1 2.4 32.1 0.4 86.8 235.5 848.3 1881.6 
4. 359.1/0.9 -10.0 2.3 35.6 0.4 101.7 216.9 667.9 1174.2 
5. 359.1/l -9.8 2.4 34.4 0.4 86.0 224.4 654.4 1104.7 
6. 359.1/3 -9.9 2.5 35.3 0.4 95.4 194.9 702.4 1331.4 
1. 359.1n -10.4 2.4 32.2 0.4 80.5 ' 218.6 979.2 1962.7 
8. 359.1/12B -9.8 1.7 34.2 0.3 114.0 217.5 306.6 2233.9 
9. 359.1/13 -8.3 1.3 34.2 0.4 97.7 209.4 670.1 1152.1 
10. 359.1/24 -6.2 1.8 32.6 0.4 90.6 240.5 2030.7 1589.0 
11. 359.1/26 -6.4 2.9 36.0 0.3 116.1 225.6 990.5 996.7 
12. 359.1/46 -6.2 1.3 33.9 0.3 121.1 219.5 893.6 1191.7 
13. 359.1/46C -3.1 2.7 
14. 359.1/46C2 -4.5 1.6 .,, 
Mean -7.9 2.2 34.2 0.4 98.4 '220.9 874.1 1448.3 
S.D: 2.4 0.6 1.3 0.0 12.9 17.6 418.5 389.0 
B.Sparry calcite; Ban Pa Kae, Spar in Nautiloids(l-3), Spar in veins and voids (4-7) 
1. 359.1/0 -4.8 3.4 40.0 0.4 105.3 285.0 234.2 247.0 
2. 359.1/l -6.7 2.3 38.6 0.4 104.3 516.1 1118.5 1818.7 
3. 359.1/lB -7.0 2.4 
4. 359.1/0.3 -9.3 2.2 
5. 359.1/26 -6.6 2.4 38.2 0.3 119.4 546.6 1097.8 4916.2 
6. 359.1/24 -4.0 1.9 39,5 0.2 197.5 106.3 648.2 185.3 
7. 359.1/26B -7.2 2.4 40.0 0.3 121.2 346.0 4145.0 254.0 
Mean -6.5 2.4 39.3 0.3 129.5 360.0 1448.7 1484.2 
S.D. 1.7 0.5 0.8 0.1 38.8 179.8 1550.7 2038.5 
C.Red Calcareous mudstone; Ban Pa Kae 
1. 359.1/0 -6.0 2.8 18.4 0.8 23.0 271.7 1460.6~10282.6 
2. 359.l{fop -9.6 2.1 14.9 0.9 16.4. 316.8 1582.6 20295.3 
3. 359.1/0.3 -10.6 2.0 10.3 0.8 13.2 236.9 1400.5. 11650.5 
4. 359.l/0.3B -9.5 2.3 
5. 359.1/0.9 -9.6 2.4 23.1 1.2 19.1 258.0 1597.8 14233.8 
6. 359.1/1 15.1 0.6 26.0 241.1 1704.6 12397.4 
7. 359.1/3 -9.7 2.1 9.7 1.1 8.9 251.3 1967.9 21689.0 
8. 359.1n -9.0 2.4 20.9 0.5 45.4 252.6 1607.5 5741.6 
9. 359.1/13 -8.3 1.7 12.2 0.9 14.4 288.5 1710.7 17573.8 
10. 359.1/24 -5.9 1.9 20.3 0.5 41.4 252.2 3235.5 6285.7 
11. 359.1/26 -6.7 2.5 12.1 0.7 16.6' 300.8 1353.6 13983.5 
12. 359.1/12B -8.6 2.0 20.9 .. 0.5 41.8 252.6 1984.5 11177.0 
13. 359.1/46/11C 16.6 1.6 10.4 226.5 1572.3 7373.5 
14. 359.1/5C 25.1 1.0 25.1 258.2 1633.9 12812.8 
Mean -8.5 2.2 16.9 0.8 23.2 262.1 1754.8 12730.5 
S.D. 1.6 0.3 5.0 0.3 12.4 25.9 482.4 4945.8 
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(110-300°C; Epstein et a/.,1977; Burrett personal communication) probably also 
suggest deep burial (Nicoll and Gorter,19S4) for the Pa Kae Formation. Even though 
such CAI values still occur in a diagenerl:c regime (Rejebian et a/.,19S7), most of the 
Pa Kae diagenetic features were produced on the sea floor and at shallow burial level. 
7 .5 Geochemistry 
7.5.1 Minor and Trace Elements 
Because of the very_ fine nature of the biomicrites, the geochemical analyses 
have been performed mainly on whole biomicrites, calcareous mudstones, and 
cements within small shelter and intraskeletal porosities. The results are shown in 
Tables.land 2. In general, the Sr concentrations of 106-546 ppm are within the range 
"' of normal ancient marine carbonates but the Mn concentration of 64S - 4,145 ppm and 
Fe concentration of l,44S-12,750 ppm are higher than those of normal, shallow 
water limestones (Robinson,l 9SO; Veizer,19S3). 
Strontium and Other Trace Elements: The relatively low Sr content with mean 
of 221, 262, and 360 ppm (Table. 7.1) in the early lithified marine limestone of the 
Pa Kae Formation with heavy al So of -3.1%0 PDB reflects the low Sr content of their 
originally calcitic mineralogy because such also and Sr distribution (Fig. 7.13) does 
not favour the possibility of strong post-depositional alteration (Veizer,1977) of 
original aragonitic limestones. The high Mn content (up to 4,145 ppm) with low Mg 
concentration (0.2-0.4%) of sparry calcite (Table. 7.1) also points to original calcite 
(Rao,1979,19Slb). Indeed, they contain mainly calcitic ostracod carapaces and low 
magnesian calcite (LMC) marine equant and rhombic spars (Rao,19Sl; Wilkins<;m et 
al.,19S2), a common mineralogy and morphology of the deep sea cements LMC. 
" Equant spars are also a common mineralogy and spar occurs in both a meteoric and 
I 
burial environment (Perkins,196S; Bricker,1971; Benson,1974; Wanless,19S3; James 
and Choquette,19S4; Al-Aasmand and Veizer,1986; Moshier,1989), but this can be 
excluded for the Pa Kae Formation. Another possibility is the replacement of the 
original minerals by a Sr-depleted calcite in unmodified sea water of the Pa Kae early 
lithified limestone which was exposed on the sea floor (Schlager and James,1987; 
Land,1986). But the petrographic, data available support the former possibility. 
Brookfield (1988) suggested the close relation between water temperature and 
the distribution of marine organisms but proposed that geochemical values of 
limestone_s are more related to shell mineralogy than to the environmental and 
geographical setting. Moreover, Parker et al. (1985) did not find any correlation 
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between the trace elements and palaeoenvironments of the Ordovician Black River 
Group, New York, USA. However, several authors (e.g. Milliman et al.,1969; 
Folk,1974; Lees,1975; Rao,1981, 1990a,b; Nelson,1988) have emphasized the role 
of both an environment or a geographical setting on the original mineralogy, 
distribution and se_9:1-mentation of the carbonate rocks and their skeletal grains. ~n 
addition, the Sr content in calcite is dependent on the temperature of precipitation from 
formational water (Kinsman,1969; Rao,1981) which is low in this case as also shown 
by the low content of Mg (Fiichtbauer and Hardie,1976; Rao,1986) as mention earlier. 
The mean of 221, 262, and 360 ppm (Table. 7.1) of Sr is much higher than 
the average value of 91 ppm of the Indian Vindyan stromatolites (Kumar,1988). 
Furthermore, the maximum value of 546 ppm is also higher than 400 ppm of the other 
Late Precambrian intertidal to supratidal stromatolites from the Chattisgash Basin of 
India (Srivastava, 1977). 
The high Sr content of ancient limestones is usually due to either the 
absorption of Sr by clay during early diagenesis (Bausch,1968) or a function of facies 
types or environments (Veizer and Dernovic,1973; Benson,1974). The Sr content of 
ancient basinal or deeper water limestone is commonly higher than those of shallow 
water ones (Veizer and Demovic,1974; Veizer,1978). The important role of strontium 
absorption by the clay fraction can be ruled out because there is not a significant 
difference in Sr content between the Pa Kae limestone and calcareous mudstone 
partings (Table. 7.1). Moreover, Baker et al. (1982) stated that the contamination 
from non-carbonates during laboratory leaching is usually unimportant because of the 
high concen_tration of Sr in carbonate rocks, the major sink for Sr in the marine 
environment. Therefore, in comparison with those ancient tidal stromatolites from 
Central India, the higher Sr content of the Pa Kae stromatolites sliould be the result of 
its deeper water origin as in the basinal facies of the, Mesozoic carbonate sequence 
from the Central Western Carpathians of Europe (Veizer and Demovic,1974). It is 
"confirmed by the positive correlation between P205 ;Ti, and Ba of the-rock (Fig. 
7.9A,B) and the high content of those elements which are much higher than that of the 
-
average carbonates (Veizer,1983) and the otherThung Song shallow water carbonates 
(Table. 7 .2, Fig. 7 .9). The leaching of Ti from clay fraction could be expected 
because of a high content of Ti (up to 2,390 ppm) in the calcareous mudstone 
partings. The leaching effect is probably responsible for the chemical separation 
between the deeper water, lagoonal and other shallow water limestones (Fig. 7 .9). 
However, the concentration of these trace elements in deep sea clay tends to be higher 
than those in the shallow water setting (Veizer,1983). Eventhough, the area of the 
lagoonal limestones falls within the same region of the Pa Kae limestone, their P205, 
Ti and Ba content is much lower than many of the Pa Kae's. 
':. 
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Table 7.2-Barium, titanium and phosphorus concentration of the Thung Song 
limestones by X-ray fluorescence. 
Sample no. Ba (ppm) Ti (ppm) P205 (ppm) 
1. 395.1 122 1075 195 
2. 359.1/03 183 1540 197 
3. 359.1/3 148 1590 246 
4. 359.1 277 1270 210 
5. 359.1/13 144 ;; 1270 175 
6. 359.1/24 467 1185 260 
7. 359.1/26 125 761 218 
8. 359.1/46 113 1010 312 
9. 409.7 139 1265 478 
10. 439.1 044 441 445 
11. 439.3 057 . 543 450 
12. 439.5 158 1530 351 
13. 439.7B 175 2390 233 
14. 440.3B 115 1875 515 
15. 423.7 088 1060 339-
16. 401 B 283 765 333 
17. 404 A 137 1380 345 
18. 421.6 012 154 182 
19. 401.8 005 089 113 
20. 17 042 463 176 
21. TB 008 188 043 
Deeper water, red stromatolitic limestones, the Pa Kae Formation (1-12 biomicrite ; 
calareous mudstone 13-14). 
Lagoonal limestones, Talo Dang and Lae Tong Formation (15-17). 
Subtidal limestones, La Nga Formation (18). 
Limestones with buildups, Rung Nok Formation (19). 
Intertidal stromatolitic limestones, Malaka Formation (20,21). 
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Fig. 7 .9 Titanium (A) and phosphorous pentoxide (B) values for the Pa ~ae 
Formation and the other shallow-water Thung Song carbonates plotted 
against barium values of those rocks. The covariance fields show gradual 
enrichment in Ti and P205from intertidal and subtidal carbonates to lagoonal 
and basinal deeper-water stt:omatolitic limestones. 
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Manganese and Iron: The high concentrations of Mn (234 - 4145 ppm) with 
mean of 874, 1448, and 1755 ppm and Fe of 1448, 1484, and 12750 ppm are much 
higher than those (mean 33 - 41 ppm) of the Tertiary, warm shallow carbonates (Majid 
and Veizer,1987) and of modern temperate carbonates (Rao,1986). The high Mn 
concentrations of the Pa Kae are similar to those of the Permian cold water (subpolar) 
carbonates (150 - 3,800 ppm) from Mount Nassau and Douglas River areas, Tasmania 
(Rao,1990a) and the Middle Ordovician, lower slope to basinal carbonates (346 -
3,561 ppm) from Eastern Tennessee (Shanmugam and Benedict TII,1983). The high 
Mn and Fe concentrations is due to the dominantly calcitic mineralogy (Shanmugam 
and Benedict III,1983), the slow rate of sedimentation, the submarine lithification 
(Rao,1986), and the occurrence of iron and ferromanganese minerals (for the whole 
rock analysis) as disseminated grain, crusts and micronodules within the Pa Kae. 
Shanmugam and Benedict III (1983) believed that the original difference in Mn content 
between shallow and deep marine carbonates has remained through time unaffected by 
late diagenesis. 
The Sr versus Mn field falls with the f!end of the Permian subpolar carbonates 
from Tasmania (Rao, 1990a) but it is different from that of other_ Ordovician warm 
water carbonates from Tasmania and Thailand (Fig. 7.10). In comparison with 
Tasmanian cold water carbonates, the field of Sr and Mn covariance is consistent only 
with those of the second stage of stabilization of Tasmanian rocks that includes 
recrystallization of LMC and addition of calcite cements. But it is inconsistent with the 
first stage, the inversion of aragonite to calcite, or lack of it because of its calcitic 
original mineralogy. Recrystallization of the Pa Kae is not extensive. This is 
suggested by well-preserved micrites and bioclasts, and the heaviest value of a18o (-
3.1 %0 PDB ) of biomicrite. The decrease of Sr with increasing Mn is probably related 
to the dissolution and precipitation of the Pa Kae carbonates during the open diagenetic 
system in their early diagenetic stage. The rate of dissolution and precipitation should 
be moderate to high since spars filling in moldic porosities is a common petrographic 
feature of this rock and there is a wide variation of Sr and Mn content of calcite 
cement. 
The excess Fe and Mn for the precipitation of iron and ferromanganese 
minerals and their substitution in calcite may be transported to a depositional area by 
means of a periodic bottom current from either an organic~rich reducing environment 
further off-shore, where the oxidation and dissolution of biogenic material and 
minerals in the ocean increases during the formation of bottc:im water(Olausson,1985). 
Another possibility is from a distant active volcanic region as evidenced by the 
association of black shale and chert on the top of this Formation and the presence of 
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some small glass shards. The bottom current from deeper areas seems promising 
since there are abundant micro- and macro- pelagic fauna within these rocks, implying 
a high productivity of the area. The transportation from a volcanic region is probably 
less important because glass shards are rare and there are no volcanic rock associations 
within this formation. However, stream supply of iron and manganese from the 
nearby continental landmass (Elderfield,1976) cannot be ruled out. 
Furthermore, the additional supply by the early diagenetic remobilization of 
Mn and Fe from a reducing interval to the upper surface for micronodules and 
ferromanganese crust formation on the oxygenated sea floor (Calvert and Price,1977; 
Malbach,1986) and for a diagenetic substitution of Mn and Fe in calcite cements (up to 
4,145 ppm Mn and 1,916 ppm Fe) within bed rocks in that reducing condition itself is 
possible. This is suggested by the occurrence of a black halo surrounding many 
ferromanganese micronodules (Tucker,1973) and by the bright to dull luminescence of 
burial cements. Veizer (1977) stated that calcite precipitated in equilibrium with 
reducing sea water contains more Mn and Fe than normal sea water calcite. But this 
postulate cannot apply directly to this case because the Pa Kae Formation was 
deposited on a well oxygenated sea floor. It is probable that the pore water during an 
early shallow burial phase was similar to sea water. It was modified by organic 
decomposition which led to a reducing conditions below the sediment-water interface. 
This is consistent with the general cathodoluminescence zonation from non to dull and 
bright luminescence of calcite cement within large shelter and intraskeletal porosities, 
and also consistent with formational condition of the early diagenetic dolomites. 
7.5.2 Oxygen and Carbon Isotopes 
The isotopic composition of the various components from the Pa Kae 
carbonates and calcareous muds tone partfogs are demonstrated in Table. 7 .1; Fig. 
7.11 and 7.12. In general the (J18o values range from -3.1 to -10.6 %oPDB and ()13 
C range from 3.5-0.5%0 PDB. The field of (J18o and ()13c covariance (Fig. 7.11) 
partially overlaps the field of warm modern shallow carbonates and its trend falls on 
the temperatures of equilibrium calcite line of warm surface-water, as defined by Rao 
and Green (1983), when moves the original al So value of modern sea water from 
0%0 PD~ to the proposal original Late Ordovician sea water value of -3%o PDB 
(Rao,1990a) with neglect a13 C value. 
In comparison with the other worldwide Late Ordovician marine carbonates 
(Fig. 7.12), a18o of the Pa Kae shows a wider range than the others and its heaviest 
value is about l%o PDB heavier. The relatively narrow range with the highest value 
up to 3.4%o PDB of a13c, shows much more enrichment than the normal ancient 
Fig. 7 .11 al So and al 3 C variation in the Pa Kae Formation in comparison with the 
field of modern warm shallow carbonates and cold water carbonates (Rao 
and Green 19S3) when moved the original modern sea water oxygen 
isotopic value from Oo/oo PDB in Rao and Green's model to the Ordovician 
f . 
sea water value of -3o/oo PDB (Rao 1990a). Note the Pa Kae isotopic field 
falls about a line of equilibrium calcite in warm shallow water. The Pa Kae 
isotopic signature showes a bimodal distribution pattern. The heavier mode 
represents primary compositions, and the lighter mode with relatively lighter 
al So values represents ~eset compositions during progressively burial. 
Fig. 7.12 Comparison of the also and al3c marine calcite values of the Late 
Ordovician Pa Kae stromatolitic limestones and the Lower to Middle 
Ordovician shallow water Thai carbonates (dark stripe) with those of the 
other worldwide, Ordovician shallow water carbonates (light stripe, Rao 
and Wang 1990). Isotopic signature varies throughout the Ordovician and 
shows a considerable shift to more enrichment in Late Ordovician. 
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marine carbonates. This suggests neither the effect of burial fractionation 
(Hudson, 197 5), microbially oxidation of organic matter nor bacterial sulfate reduction 
(Irwin et al., 1977) during a progressive diagenesis. But it is consistent with 
enrichment by carb~n isotopic fractionation during photosynthesis (Berger,1986) by 
stromatolites (Burne and Moore,1987) on the sea floor. 
However,there is no significant isotopic shift of al So during photosynthesis 
(Burne and Moore,1987) and ol8o, produced in biocycle, still resembles the 
composition of sea water (Wagener,1.975). Therefore, the wide range of al So with 
bimodal distribution pattern (Fig. 7.11) was generated by the other sea floor and post-
depositional phenomena. The bimodal character may due to a variable mixture of the 
original inhomogeneous marine carbonates and their differential diagenetic alteration 
and/or addition of burial cement (Dickson,1985). A general trend toward the lighter 
alSo value upto -10.6%oPDB is clearly due to continuous re-equilibration with higher 
temperature pore fluids during progressive burial (Dickson,1985; Choquette and 
James,19S7). The isotopical re-equilibration was finished early because the original 
bimodal character still dominates the trend and most of the primary porosities were 
occluded by the early shallow burial cements. Furthermore, the covariance of al So, 
a13c with Sr (Fig. 7.13) also confirms this contention. Since the relative small range 
of Sr (106-546 ppm) wit~ slight depletion from their original values (500-1,400 
ppm,LMC) suggests the low degree of the water-rock interaction within a semiclosed 
system and/or the early closure of these carbonate system. On the contrary, the wide 
range of al So with large depletion from the original value while Sr remains relatively 
constant (Fig. 7 .13A) suggests the further re-equilibration with the remnant pore 
fluids at elevated temperature during increasing burial. This trend is similar to those of 
the Permian subpolar carbonates of Tasmania (Rao,1990a) but with less al So 
variation because of its normal marine origin (not like the mixed-marine origin, close 
to the pole, of Permian carbonates).,, As a whole, the degree of post-depositional 
alteration was low because of the relatively high Sr content, up to 546 ppm, 
(Kinsman,1969) for the original LMC dominated carbonate. The narrow range of 
a13c values with small depletion throughout the range of Sr values (Fig. 7.13B) is 
probably characteristic of early marine lithification. 
· Hence, the heavier mode ranging from -3.1 to -7.5 %0 PDB represents the 
al So of marine calcite values (Fig. 7.11, 7.12) whereas the higher mode ranging 
frorn -7.5 to -10.6 %0 PDB represents the al8o of burial calcite values. The heaviest 
alSo values of -3.1%0 PDB is thought to be the original Late Ordovician marine 
calcite value of the Pa Kae carbonates because the heaviest al So values is the least 
diagenetic alteration (Fig. 7.13A). This value is about 2%o PDB heavier than the 
average ()180 value (-5%o PDB) of the worldwide tropical Late Ordovician shallow 
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marine carbonates (Fig. 7.12) and the proposed original Late Ordovician marine calcite 
value in Tasmania (-5±0.5%0 PDB, Rao,1990b). That two mil difference in al8o 
values indicates 10°C lower temperatures during the deposition of the Pa Kae 
Formation than normal warm water carbonates. 
7.6 Environment of Deposition and Palaeobathymetry 
Open Marine and Cold-Water Origin: - Although Recent stromatolites are 
common in warm, low latitude shallow-water conditions (e.g. Ginsburg,1960; 
Logan,1961; Gebelein,1969; Monty,1972; Wray,1977; Dill et al.,1986) as indicated 
by lithostratigraphy, mineralogy, fauna, and geochemistry of the rock, the following 
evidence suggests an open marine and cold-water origin for the Pa Kae limestones: 
1. The mainly original calcitic mineralogy of the stromatolite and other faunas, 
micrites, and sparry calcite (Rao,19Sl; Brookfield,19SS). 
2. The occurrence of some glauconitic pellets generally suggests an open marine 
environment far from the zones of active sedimentation at relatively low 
temperature ranging from 7°-15°C (Odin and Letolle,1980). 
3. The occurrence of the "North Atlantic Province" conodonts, and of a normal 
marine fauna, suggests the free circulation of oceanic water at either a 
continental margin or in marginal cratonic basins(Bames and Fahraeus,1975), 
and in cold water conditions (Burrett et al.,l9S3). The extensive north-south 
distribution of this rock unit in southern peninsular Thailand and their 
correlatives in Malaysia (Wongwanich et al.,1990) along the present-day 
eastern margin of the Shan-Thai Terrane, the similarity in lithology of the Pa 
Kae with the Chinese Late Ordovician Pagoda Formation which contains the 
same pelagic trilobite species (Chen Jun-Yuan,1985) in a possibly nearby 
terrane (S.China), and the diverse pelagic fauna of this rock favour the 
continental margin rather than the marginal cratonic basins. In this case the Pa 
Kae Formation possibly deposited on the deep ramp. 
4. The Sr and Mn concentrations are similar to those of other cold-water 
carbonates and the Mg content is low. 
5. The heaviest al So value up to -3.1 %~ PDB of the Pa Kae marine calcite when 
compared with low latitute worldwide tropical Late Ordovician marine calcite 
al So values of -5%o PDB indicates 10°C lower temperatures during deposition 
of the Pa Kae. There is no evidence of evaporation which could have been the 
cause of heavy also. 
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Cycle and Sea Lev~I Fluctuation: The rhythmically bedded sequence of red 
stromatolitic limestones and dark red calcareous mudstone partings were deposited 
during a period of intense Late Ordovician glaciation (e.g. Berry and Boucot,1973; 
Brenchley and Newall,1984; Caputo and Crowell,1985; Robardet and Dore,1988; 
Havlicek,1989; Scotese and McKerrow,1990), and could have resulted from glacio-
eustatic changes in sea level. The abundant bioclasts in the limestone layers in contrast 
with near absence and highly corroded skeletons in the mudstones suggest differences 
in tsea surface productivity and/or dissolution of carbonate grains during the 
deposition of these couplets through the cold glacial and warm interglacial periods. 
The limestone beds were deposited during regression phases (Rao,1981; 
Olausson,1985; King Jr.,1990) when the glaciers were growing at the south pole 
producing the exposure of a continental shelf, a preferred site for shallow water 
carbonate deposition, and inducing carbonate to deposit at the deeper zone or on the 
sea floor (Seibold and Berger,1982). The productivity during these times was very 
high as reviewed by Berger (1986) since there are abundant well preserved fossils 
within the limestone layers. 
During interglacials following the deglaciation or during the long retreating 
stage of the ice cap, the high sea levels allowed only mudstone deposition on the sea 
floor with depletion in calcareous skeletons, probably due to dissolution and/or low 
productivity. The higher ()13C value up to 3.4%o PDB of limestones in comparison 
with 2.8%o PDB of mudstones confirms the higher surface water productivity through 
photosynthesis during the limestone formation than those of the mudstone formation. 
But the enrichment of ()13C by the photosynthesis of stromatolites has to be taken into 
account. However, the high a13c value up to 2.8%o PDB of mudstones also implies 
higher productivity than normal condition (close to zero, Berger,1986) during 
mudstone formation. 
Seibold and Berger (1982) stated that productivity variations play a secondary 
role in producing deep sea cycles. Ein~ele (1982) agreed with this but proposed a 
greater role for varying redox conditions and/or carbonate productivity for the genesis 
of the rhythms on the continental margins and epicontinental seas. _The near absence 
of bioclasts with rare highly corroded skeletons at the time of higher productivity than 
normal and the much thinner layering of mudstones than limestone layers in this 
periodite probably suggest the major role of dissolution process for the mudstone 
genesis dunng the interglacial period. The other climatic ~orcing rhythm, the dilution 
model can be ruled out because of the rarity of the terrigenous detritus in both 
limestones and mudstones. Then, it is the combination of dissolution, due to the 
degree of the sea water saturation with respect to calcite and/or a fluctuating carbonate 
compensation depth, and the globally climatically controlled sea surface productivity 
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that are responsible for the genesis of the Pa Kae rhythms. Therefore, the very thin 
cycles of about 100-300 mm thick within the Pa Kae Formation possibly represent an 
active small-scale glacio-eustatic sea level fluctuation during the advancing ancf 
retreating of the Caradoc to Ashgill glaciation. So far, no strong sedimentological 
evidence of the fluctuation in response to the rate of sea floor spreading have been 
observed in this area. 
Tropical Deep Setting Versus Shallow Temperate Origin: The cold water 
origin of the Pa Kae can be either as deeper, cold water carbonates at low latitudes or 
as shallow temperate carbonates at high latitudes. As mention by Brookfield (1988), it 
is difficult to 'distingu~sh them, since both may have some characteristics in common 
because of the strong control of fauna by thermal regime. Chivas et al. (1990) warned 
against using stromatolites as a possible palaeolatitude indicator. However, there is 
C!ther evidence for and against both possibilities within these rocks (Wongwanich and 
Rao,1990). The light requirement for stromatolite growth, the absence of modern 
stromatolites in waters deeper than 23 m, the 7°-15° C range of glauconite formation, 
and the similarity between the geochemical signature of the Pa Kae and the Permian 
subpolar carbonates from Tasmania suggest either the shallow temperate origin at high 
latitudes or deeper environments in the upper temperate zone. 
A deep environment in a tropical setting is indicated by : 
1. the vertical gradation from the Pa Kae to black graptolitic shales and cherts 
with radiolaria on the top of the sequence, 
2. the absence of shallow water and/or sub-aerial features such as oolites, mud 
cracks, and meteoric diagenetic features, 
3. the slow rate of sedimentation (as noted earlier in the diagenetic section) and 
the typical red color of the rocks, 
4. the abundant carbonate mud which is generally rare in modern temperate 
carbonates (Rao,1981; Brookfield,1988; Nelson,1988), 
5. the diversified, blind and large eyed deeper water trilobites including 
Microparia, Panarchaeogonus, Schoryia, Isobergia, and Panderia ; and deeper 
water brachiopods such as Foliomena, and Christiania (Fortey personal 
communication), 
6. the occurrence of ferromanganese micronodules, and glauconites which 
usually occur in water depths between 100-500 m on the present-day sea floor 
(Odin and Matter,1981) at the outermost shelf and upper slope (Weaver,1989), 
7. the extensive low magnesian calcite cement occuring as equant and rhombic 
microspars (Schlager and James, 1978; Rao, 1981; Wilkinson et al., 1982), 
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8. the higher Sr, Ti, Ba, and P205 concentration than in the shallow water 
carbonates whereas the Mg concentrations are lower (Veizer,1978; Rao,1986). 
9. The abundance of "North Atlantic" province conodonts as oppossed. to the 
"Mid Continent" conodonts in the majority of the Thung Song Group. 
The evidence for the tropical deeper water setting seems far more significant than that 
of a shallow temperate origin. The 10°C drop of temperature from that of the tropical , 
sea surf ace points to a considerable paleo-depth. · The light requirement at depth for 
stromatolite photosynthesis is still debated. following the discovery of Devonian deep 
water stromatolites in the Canning Basin (Playford and Cockbain,1969). There is no 
doubt that modem stromatolites can occur in 0-23 m depths and can survive at least as 
deep as 89 m in the form of oncolites as mentioned earlier. But at depths below this, 
in the twilight zone and sub-photic zone there appears to be a limit the photosynthetic 
cyanobacterial activity. 
Williams (1983) mentioned that cyanobacteria in mats are restricted to 
aqueous regimes within the photic zone while the living deeper water filamentous 
bacterial mats below the photic zone to 600 m depths are dominated by 
nonphotosynthetic sulfur-oxidizing bacteria as in the mats from Santa Barbara Basin 
off the California coast. They usually inhabit oxygen-deficient marine basins and 
coastal upwelling regimes and are associated with phosphate-rich zones. Based on the 
discovery of living deep water blue green algae (bacteria) from 0 to at least 1,000 m 
deep in modern sea, Monty (1977) took an opposite view. He proposed that through 
chromatic adaptation, the red pigment in twilight zone blue green algae can absorb the 
. remaini.ng blue radiation and transmit the energy to the chlorophyll while those in the 
complete darkness obtain the energy through c~emo-organotrophic metabolism. 
Riding (1975) also warned about using Palaeozoic calcareous algae including blue 
green varieties (bacteria) as depth indicators since they can live far beyond the euphoric 
zone ( 0 - 100 or 150 m) in modern seas and are heterotrophic. He also mentioned 
that normal sunlight can penetrate to more than 800 m in very clear water whe~eas blue 
light can probably penetrate to 1,000 m. 
Theref~re, it is possible that the Pa Kae stromatolites are of the deep tropical 
or subtropical setting. The mode of occurrence in reducing environments as seen in the 
Californian deeper water sulfur-oxidizing bacterial mats should be ruled out because 
the Pa Kae sediments were deposited on the oxygenated sea floor under the 
photosynthetic control. Study on palaeobiogeography and palaeornagnetism by many 
authors also confirm these contentions. For example Burrett and Stait (1986) and 
Burrett et al. ( 1990) demonstrated that most of the Shan-Thai Terrane, especially 
Thailand, was situated in the southern tropical region during the Ordovician. Scotese 
and McKerrow (1990) had a similar idea but they put the Shan-Thai Terrane in the 
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tropical region of the northern hemisphere during the Late Ordovician. Both of them 
placed southern Thailand in a subtropical area close to the temperate zone. 
Palaeobathymetry of the Pa Kae Stromatolites: The deep subtropical setting 
of the Pa Kae requ~es further comment on the palaeobathymetry of the rocks because 
it is one of the most important factors for their palaeoecological and 
palaeoenvironmental reconstruction. The abundant diverse open marine fauna and 
normal marine isotopic signature of the rocks suggest the Pa Kae stromatolites 
accreted in normal marine conditions. In comparison with normal modem seas, the 
palaeobathymetry of the rock should be a function of its formational temperature 
which decreases with depth. Other factors involved are palaeolatitude; types of 
currents during the Late Ordovician (warm, cold, or upwelling); and· the local -
palaeogeographic and/or palaeoceanographic condition including the clarity of sea 
water, and the influence of the marine hydrothermal regimes. 
The abundant and diverse normal marine fauna and high a13c of the rocks 
indicate high fertility and high productivity during the deposition of the Pa Kae. 
These phenomena commonly occur in the upwelling region but the low P205 content 
of the rocks which deposited on the oxygenated sea floor is not consistent with that. 
The sea water at that time is likely to have been clear as evidenced by the very slow 
rate of deposition noted earlier, the.lack of turbidity current features, and the scarcity 
of terrigeneous sediments. Furthermore, no effect of deep sea hydrothermal 
circulation as well_as high salinity imprint on the isotopic signature have been' 
observed. No marine evaporites have been observed at either outcrops or in thin 
sections. The lack of deep sea hydrothermal circulation and high salinity are not 
consistent with the increased temperatures and salinity with depth in the salinity 
stratified ocean during the Ordovician (Caradoc) as Railsback et al. 's (1990) proposed 
but it is partly consistent with Marshall at;d Middleton's interpretation (1990). They 
interpreted the extremely heavy a18o (up to -l.4%o PDB) and a13c (with marked 
shift up to 7%o PDB) of the Late Ordovician Swedish mud mounds as a result of a 
change in the al 80 of the Late Ordovician sea water, the decreasing in water 
temperatures, and the global cooling during the Late Ordovician glaciation. Scholle 
and Arthur (1976) interpreted the gradual increase in a13c values from +1%0 PDB 
from the base to the top of the Upper Cretaceous European chalk sequences and their 
markedjump to more than +4.5%o PDB at the Cenomanian-Turonian boundary as the 
result of changed oceanic circulation in the Atlantil· .rnd the expansion of the oxygen 
minimum zones. The similar heavier isotopic signature than normal but smaller values 
((1180 up to -3.1%oPDB and a13c up to 3.4%oPDB) of the PaKae is also interpreted 
as a result of change in the a18o of sea water. But the heavier a I So and a13c values 
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of the Pa Kae more than those of the other Upper Ordovician shallow-water 
carbonates is a result of lower formational temperatures at depths in the subtropical 
region, the high sea surface productivity due to changed oceanic circulation (?), and of 
the photosynthesis control on the precipitation of the Pa Kae stromatolites during the 
Late Ordovician glaciation. 
In an attempt to relate the palaeotemperature obtained from the heaviest also 
marine calcite value of the rocks to reconstruct a possible palaeobathymetry, a simple 
conceptual model (Fig. 7 .14) has been developed based on the drop of the 
temperatures from the modem sea surface temperatures in relation to temperature , 
gradient profiles (thermal gradient) from various modem climatic regions. These 
include the thermal gradient from the temperate climate at the Great Australian Bight 
(Gordon and Baker,1982); the subtropical climate at the Gulf of Mexico (Vukovich et 
al.,1978); the tropical climate of equatorial Western Pacific, the Melanesia, NE. of Pa 
Pua New Guinea (Godfrey and Lindstrom,1989); and the equatorial upwelling region 
at the Gulf of Guinea (Houghton,1986). In this case, it is assumed that 
palaeoceanographic conditions during Late Ordovician glaciation are similar to those of 
today. It is assumed that both periods are characterized by cold bottom water 
produced at high latitudes and transported to the tropical areas via deep oceans, that 
Late Ordovician sea surf ace temperatures were similar and that the ocean temperature 
decreased with depth. The heaviest ()18o value of the Pa Kae stromatolites is about 
2%o PDB heavier than the average value of shallow Late Ordovician carbonates 
suggesting 10°C drop of their formational temperature from the sea surface 
temperature during that time. 
Based on this model (Fig. 7.14), the 10°C drop of temperatures from the sea 
surface temperature in tropical region (30°C) gives a water depth of 175 m, 25°C in 
subtropical region to 15°C at depth gives a water depth of 206 m. The same method 
gives a depth of 62 m to the Pa Kae Formation in an equatorial upwelling regime 
(average), and 70 m in temperate region such as the Great Australian Bight. The 
formational temperature of 15°C (obtained from temperature of glauconite formation) 
in tropical region gives the palaeobathymetry of 290 m. Therefore, the Pa Kae 
stromatolites may have deposited in a water depth of 175-290 m in a subtropical or 
tropical climate. This model can be extrapolated to obtain the possible 
palaeobathymetry as deep as 600 m along the gentle thermocline in normal tropical 
region and about 500 m in normal upper temperate regions but beyond that the sea 
water temperatures tend to drop sharply. According to this model the Pa Kae 
stromatolites have a deeper water setting in either tropical or upper temperate regions. 
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Stromatolites, Palaeoenvironments, Palaeoecology, and Basin Analysis: 
From the above evidence previously mentioned, it is clear that the Pa Kae stromatolites 
originated in a deep subtropical setting within or not too far below the normal photic 
zone. They share several common features with the Canning Basin's deep water 
stromatolites (Playford et al.,1976) including fine lamination, rare or no fenestral 
fabric, evidence of iron and manganese precipitation, abundant pelagic faunas, 
possible markedly condensed sequences (60-126 m thick sequence covering a long 
time span from the Caradoc to Ashgill), commonly red color, but less diverse 
assemblage of forms. Additional features are the rather abundant ferromanganese 
micronodules, occurrence of some glauconite pellets, bored calcite cements, and 
abundant rhombic spars. 
The Pa Kae stromatolites possibly grew on the very distal part of the Thung 
Song carbonate ramp or just beyond that on the edge of a basin. This implies that the 
Late Ordovician basin in southern Thailand was probably shallow (~300 m). Their 
lenticular geometry suggests that they built up as bioherms or reef mounds (400x1500 
m at the type area) and experienced extensive synsedimentary submarine cementation. 
Ancient subtidal to deep water stromatolites commonly occur as reef or 
bioherms (e.g. Hoffman,1974; Playford et al.,1976; Pratt and James,1982; Monty et 
a/.,1987) and mud mounds (e.g. Pratt,1982a,b; Tsien,1985; Beauvais et al.,1988; 
Bridge and Chapman,1988). Pratt (1982b) pointed out that the subtidal stromatolite 
mounds were widespread in intracratonic shallow water carbonates during Cambrian 
to Lower Ordovician (Pratt and James,1982) and declined rapidly after Middle 
Ordovician because of the fast development of metazoan competitors. Losing their 
substrates in shallow areas during the successive lowering mean sea level (Middle 
Caradoc to Late Ashgill) during the Late Ordovician glaciation (Fortey,1984) and sea 
level regression coupled with increasing grazing pressure (Pratt,1982b) possibly 
forced this benthic microbial communities, which were widespread in the Thai Lower 
to Middle Ordovician shallow-water carbonates, to adapt to the less competitive areas 
in deeper water. 
The Pa Kae stromatolites co-existed with small pelagic metazoans as shown by 
the abundant diverse pelagic faunas within these mounds. This association is similar 
to the widespread establishment of carbonate "mound" faunas in the Ashgill of 
Sweden, Kazakhstan, Salair, Ireland, and northern England (Fortey,1984, 
Webby,1984). Pelagic faunas provided a possible substrate on a muddy sea floor and 
foundation materials including bioclasts, faecal pellets, and mechanical micrites for 
stromatolites to colonize and build their frameworks by trapping and binding 
mechanisms in deep sea conditions. In turn; stromatolites gave back the primary food 
resources for some grazing faunas. The epifaunal metazoan activity on the Pa Kae 
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stromatolites was extensive as shown by the normal rearrangement of ostracod 
carapaces. In contrast with shallow water stromatolites, burrowing across stromatolitic 
layers by infaunal metazoans is scarce in deep sea stromatolites. Peryt and Peryt 
(1975) also proposed a similar symbiotic association for, and environmental control 
on the association of sessile tubular foraminifera with cyanophytic algae (bacteria) in 
algal and bryozoan carbonate mounds, and especially in the oncolitic basinal facies of 
the west Poland Late Permian. 
Even though, the Pa Kae stromatolite mounds have abundant micrite in 
common with other Phanerozoic deep water mud mounds on carbonate shelf-to-basin 
slopes (Pratt,1982a), they are different in lacking radiaxial calcite spar-filling 
stromatactis but in having a densely stromatolitic framework. They deposited mainly 
by organic binding and trapping of the locally derived lime mud, faecal pellets, 
bioclasts, and by in situ marine spar precipitation under photosynthetic control. 
The small-scale columnar stromatolites are the most extensive form of these 
mounds, but a series of sequence development (Fig. 7.2C,D) from flat laminites at the 
bottom to columnar stromatolites in the middle and some rare oncolitic stromatolites at 
the top of bedding have been observed. Vague thrombolitic fabrics commonly occur 
with the columnar stromatolites. The difference in stromatolitic morphologies have 
long been interpreted as the result of either a succession of environmental events (e.g. 
Logan et al.,1964; Aitken,1967; Cecile and Campbell,1978; Pratt and James, 1982; 
Campbell,1987; Ratcliffe,1988; Beukes and Lowe,1989) or control by biological 
factors (Gebelein,1974; Serebryakov and Semikhatov,1974; Golubic and 
Focke,1978). The combination of those two factors with environmental control 
dominant is also proposed for the control on the stromatolitic morphologies (Playford, 
1979; Kennard and James,1986; Lanier,1988; Knoll et al.,1989). No palaeontological 
study on the Pa Kae benthic microbial communities has been done. However, there is 
sedimentological evidence to support the vital role of environmental control on these 
stromatolitic morphologies. 
In general, observations on etched surfaces and thin sections under the 
microscope, demonstrates that the muddy (clays) matrix percentage increases from 
laminites through columnar stromatolites to oncolitic stromatolites whereas 
allochemical particles, especially faecal pellets, decrease toward the top of bedding. 
This possibly reflects the gradual decrease in energy of deposition and the productivity 
during the stromatolite accretion or building of limestone layers. Then, the rocks 
change to calcareous mudstone with a sharp contact. The repetition of limestones and 
mudstones have been interpreted as possible glacio-eustatic cycles. Therefore, the flat 
laminites at the bottom of limestone layers should accrete during the peak of bottom 
current activity due to strong sea surface thermal gradient between low and high 
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latitudes during the maximum glaciation. The thermal gradient gradually decreased 
during the retreat of ice cap resulting in less bottom current activity as well as 
productivity in the tropical region. This led to the columnar stromatolite, thrombolitic 
stromatolite and subsequent oncolitic stromatolite formation and increased the 
accumulation of clay minerals on the sea floor. The concentric nature of minor 
oncolites may suggest the continuous rolling of them under the higher energy 
condition (e.g. Logan et al., 1964; Raticliffe,1988). However, because of insufficient 
bioclastic substrates and construction material on more muddy sea floor for forming 
laminites and columnar stromatolites possibly induced the oncolites to develop in more 
moderate currents. These currents were slow enough to keep the micritic oncolites at a 
depositional area but they were also strong enough to turn them around on this more 
muddy sea floor. During the resting stage, these oncolites were bored by the 
endolithic faunal metazoans (Fig. 7 .2E). The decrease in energy of depositional 
environments also reflects the deepening of the basin because of the gradual rise in sea 
level (temporary transgression) during that time. There are no stromatolites preserved 
within the mudstone intervals because of the low productivity and high dissolution of 
carbonate grains on the sea floor during the high sea level of the interglacial period. 
The altenation of the spar-rich and micrite-rich layers of stromatolitic laminae 
suggests the episodic but regular influx (Pratt and James,1982) of locally derived 
sediments to and winnowing of the unbound sediments out of the Pa Kae stromatolitic 
mounds. These episodic or periodic currents were strong enough to tear out 
semilithified stromatolites, as shown by the abundant red micritic intraclasts, and to 
promote the extensive early marine cementation of the rocks. 
7.7 Discussion and Conclusion 
The Late Ordovician, subtropical, cold and deeper water stromatolitic 
limestones, the Pa Kae Formation, are well exposed as reef mounds in southern 
Thailand. It is the uppermost rock unit of the Thung Song Group which conformably 
overlies the other peritidal Thung Song carbonates and is overlain conformably by the 
Silurian deep-water black graptolitic shales and chert with radiolarians. This rock unit 
is dominated by thinly and wavy bedded, red stromatolitic limestones rhythmically 
interbedded with very thin calcareous mudstone partings. It may be a glacio-eustatic 
cycle. The deeper water limestone layers were deposited during the regression phase 
when the glacier was growing at the South Pole on Gondwanaland resulting in high 
productivity and strong bottom current activity at low latitudes. Morever, this is 
probably a result of extensive terrigenous elastics dominating shallow sea during a 
glacial stage. The mudstone partings were deposited during the interglaciaI periods 
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when the sea level was high initiating the deposition of clay minerals and dissolution 
of the carbonate fractions. 
The Pa Kae stromatolites, the frame builder of the limestone layers, formed as 
a reef mounds in or just below the photic zone, at about 175-290 m water depths, on 
the distal part of the Thung Song carbonate ramp. In the response to the fluctuation of 
the Late Ordovician glacio-eustatic sea level, they developed a series of morphologies 
from flat laminites at the base to columnar stromatolites with the thrombolitic fabric in 
the middle and subsequent oncolitic stromatolites at the top of bedding. The spar-rich 
and micrite-rich laminae suggest the available episodic or possibly periodic bottom 
current activity which transported sediment in and out the system. 
Associated with the Pa Kae stromatolites is a very diverse small fauna of 
ostracods, crinoids, very small pelagic trilobites and brachiopods, calcispheres, cold 
water conodonts, sponge spicules; some bivalves, gastropods, calcareous algae, 
cephalopods; rare stromatoporoids, corals, and bryozoans. The community very 
abundant highly diversified faunas suggest optimum environmental conditions. · 
The Pa Kae stromatolites share many common features with the deep water 
stromatolites from the Canning Basin but they are different in the rather abundant 
ferromanganese micronodules, the occurrence of glauconitic pellets, bored calcite 
cements, and very abundant rhombic spars. The Pa Kae stromatolitic mounds were 
created by the accumulation of mainly micrites and bioclasts as were many other 
Phanerozoic deep water mud mounds but they possess the distinctive stromatolitic 
structure with excellent well preserved stromatolite sheaths of both filamentous and 
coccoid cyanobacteria. They lack the radiaxial calcite spar filling stromatactic 
lamination of European and North American mud mounds· possibly because the Pa 
Kae mounds have a genuine rigid framework that is the result of rapid synsedimentary 
cementation. The existence of the Pa Kae deep water stromatolites mounds on the 
outer ramp of the Shan-Thai terrane during the~ Late Ordovician and the wide 
distribution of similar rocks across this microcontinent, and in the Pagoda Formation, 
of the South China terrane may suggest the close relationship between those two areas 
at that time. The deep-water similarity of faunas need not, however, reflect 
palaeogeographic proximity (Taylor and Forester,1979). 
The diagenetic pathway of the Pa Kae under deep sea condition is similar to 
that of meteoric diagenesis as suggested by many authors. Both destructive and 
constructive diagenesis are important to the existence of these stromatolitic mounds. 
The bioerosion and maceration of the epifaunal skeletons provided micrites, the major 
foundation material in stromatolitic construction. The early marine cementation by 
micrite and microspar cements provided not only the rigid framework that protected 
the stromatolites from submarine erosion and later compaction but also provided a 
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substrate for epifaunal and some infaunal metazoans. Burial diagenesis, cementation 
also played a vital role in the good preservation of the Pa Kae stromatolite mounds. 
The geochemical signature of the rock provides the clues to investigate and interpret 
the depositional and diagenetic environments. 
The diagenetic pathway of the Pa Kae began on the oxygenated sea floor 
during and shortly after the accumulation of sediments. Most of microfaunas including 
the ostracod carapaces and some macrofaunal skeletons were simply macerated to 
micrite under cold (-15°) deep water conditions. Many macrofaunal skeletons were 
partly recrystallised and subsequently impregnated by red ferromanganese mineral as 
colloform stnicture. These products were incorporated into stromatolitic laminae by 
bottom currents and the binding and-trapping mechanism of stromatolites. At the same 
time, the calcification of stromatolite filaments and the extensive marine cementation 
---. 
took place under photosynthetic control. Goethite which subsequently transformed to 
haematite also occurred at this stage. This led to the formation of synsedimentary 
hardgrounds and ferromanganese micronodules. Calcium, iron, and manganese were 
transported to the system by means of periodic bottom currents. These currents also 
played a role in providing the sediments, winnowing the excess sediments out of the 
system, eroding the semilithified stromatolites anµ haematite crusts, and forming the 
ferromanganese micronodules. The decomposition of organic matter and stromatolites 
occurred either on the oxygenated sea floor or shortly after burial as evidenced by the 
cathodoluminescent zonation of cements within the large cavities from non to dull and 
bright luminescence. 
After burial, the dissolution of unaltered macrofaunal skeletons took place 
followed by the compaction which provided the CaC03 for the subsequent burial 
cementation by blocky spars within the moldic and larger porosities. Physical 
compaction was predominantly active in mudstones whereas chemical compaction was 
common in limestone layers. Most of the thick limestone.Jayers are less affected by 
physical compaction. They still retain the original wavy biogenic bedding inherited 
from the columnar stromatolitic morphology because of the synsedimentary submarine 
lithification. On the contrary, the thinner limestone layers with relatively thick 
mudstone partings at the bottom part of the sequence which are more prone to pbysical 
compaction and were modified to a nodular structure. Dolornitization in this rock 
occurred locally either during shallow burial under influence of the normal sea water 
and the decomposition of organic matter or late after deep burial under high 
temperature and reducing conditions. 
The isotopic signature of the rocks is heavier than other Late Ordovician 
shallow water carbonates. The heavy oxygen isotopes indicate either a cold and deeper 
water origin of the rocks or the low degree of recrystallization after burial. This is also 
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confirmed by the distribution of trace elements. The heavy carbon isotopes suggest the 
photosynthetic control on the CaC03 precipitation during submarine diagenesis and 
high productivity of the sea surf ace waters at that time. 
Tiie possible palaeobathymetry (175-290 m) of the Pa Kae obtained from the 
newly proposed model, based on the relation between the drop of temperature from 
modern sea surface temperatures and the vertical thermal gradients seems to 
correspond to the depths of modern marine glauconite formation and falls within the 
possible range of modern ferromanganese nodule formation in the deep seas. This 
coupled with the abundant and diverse pelagic fauna including blind and trilobites, 
pelagic brachiopods and cold water conodonts imply that the temperature gradients of 
Late Ordovician oceans were similar to those of today. It is believed that the general 
thermal gradient of the Late Ordovician oceans decreased with depth and the ocean 
circulation system was similar to that of today. The cold bottom currents originated at 
high latitudes and subsequently traveled to replace the warm surface waters at low 
latitudes. The climate at that time was probably similar to the climate during the glacial 
and interglacial periods of the Cenozoic Era. 
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Chapter8 
ST ABLE ISOTOPES 
The oxygen and carbon isotope composition of modem m~e carbonates 
depends principally on temperature and salinity of sea water (Hudson, 1977), their 
mineralogy, and biochemical fractionation (Wagener, 1975; Rao, 1990). The original 
isotopic content is subsequently altered as the marine sediment undergoes meteoric and 
burial diagenesis. These changes depend on d18o of formation solution, latitude~ 
altitude, seasonal variation of isotopic composition of meteoric water, temperature and 
salinity of precipitating solµtions, nature and degree of diagenesis, and secular 
variations of sea water isotopic composition (Allan and Mathews, 1977; Brand and 
Veizer, 1980; Rao, 1989). 
The present study on the oxygen and carbon isotope composition of the Thong 
Song Group deals with 1) isotopic composition of the individual components, 2) 
isotopic comparison between the Thong Song and worldwide modem and Ordovician 
carbonates, 3) isotopic composition of the Ordovician sea water, 4) calcite-dolomite 
fractionation. Furthermore, the relationship between isotopic composition of 
carbonates and environment of deposition is emphasized throughout this section. 
8.1 Isotopic Compositions of the Individual Components 
The range of isotopic compositions of the separate components (Fig. 8.1, Table. 
8.1, 8.2, Appendix 6) from the Thong Song carbonates are as follows: 
1. Allochemical components have d18o values from -10.8o/oo to -14.7%0 PDB 
and dl3c values from +1.3%o to -0.4o/oo PDB. 
2. Micrites of shallow water limestones have d18o values from -9.3o/oo to -
15.lo/oo PDB and d13c values from +l.3o/oo to -0.9%0 PDB, as micrites from deeper 
water stromatolitic limestone have d18o values from -6.1%oto-10.lo/ooPDB and d13c 
values from 3.9%o to 1.3o/oo PDB. 
3. Marine cements of shallow water limestones have d18o values from-7.2 to -9.5%0 
PDB and d13c values from +o.1%o to -0.4o/oo PDB. Deep water cements have d18o 
values from -3.9%0 to -7.2%0 PDB and d13C values from +3.3o/oo to +1.9%o PDB. 
Meteoric or fenestral spars have d18o values from-11.2%oto -ll.7o/ooPDB and d13c 
values from +0.6%0 to +o.2o/oo PDB. Early and later diagenetic cements in voids and 
veins of shallow water limestones have d18o values from -10.2o/oo to -13.5%0 PDB 
and d13c values from +0.4o/oo to -1.2o/oo PDB, as cements from deeper water 
limestones have d18o values from -6.6o/oo to .:.9.3%o PDB and d13C values from +2.3 
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Table 8.1- Oxygen and carbon isotopic compositions of the separated components 
from the Thung Song shallow water carbonates . 
Sample No. . a13C'/ooPDB a180o/ooPDB -
A Marine cements 
1. 400.8/3 -0.452 -9.500 
2. 400.8/5 -0.188 -9.356 
3. 400.10/Cl -0.003 -9.173 
4. 100.10/C2 -0.013 -9.289 
5. 400.10/C3 0.191 -7.281 
B. ~ly diagenetic cements ~voids & veins 
1.G -0.849 -11.251 
2. 13.1 -0.980 -10.375 
3. 399.1 0.183 -10.265 
4. 400A -0.681 -15.778 
5. 400.2 -0.089 -15.879 
6. 400.8 -1.264 -14.734 
7. 398.lA 0.123 -13.566 
8. 402A 0~496 -12.598 
C. Late diagenetic cements in veins 
1. 396B 0.165 -23.509 
2. 399.2 -3.736 -20.968 
3. 400.8 -0.584 - -18.213 
4. 398A -0.210 -27.376 
D. Micrite 
1. 6 -0.255 -15.153 
2. 396C 1.326 -12.384 
3.402A/2 0.498 -13.564 
4.402NO 0.663 -13.173 
5.399 0.624 -15.910 
6.401E -0.915 -11.134 
7.401F -0.750 -11.372 
8. 401C -0.519 -11.373 
9. 401A -0.430 -11.357 
10.401A/N -0.462 -11.193 
11.G 0.656 -10.874 
12. 70.6 -0.246 -12.582 
13. 70.6/S 1.045 -10.251 
14. TB 0.778 -9.826 
15.404B -0.386 -10.006 
16.404FJD -0.251 - 9.317 ' 
17.404E/W -0.603 -10.251 
18. 404D -0.592 -9.886 
19. 404F -0.518 -9.896 
20. PN 1.104 -10.848 
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Table 8.1 - cont. 
Sample No. al3croo PDB a180o/ooPDB 
E. Whole rocks 
1. 396B2 1.271 -16.507 
2. 403.5 0.043 -9.663 
3. PN 0.768 -12.038 
4. 399.1 0.311 -15.295 
5. 400.8 -0.495 -12.596 
6. 395.2B -0.040 -15.264 
7. 398.2A 0.082 -15.130 
8. 398.1 0.209 -14.688 
9.396C 0.906 -16.893 
F. Allochems 
1. 396A 1.334 -13.966 
2.403 -0.133 -10.995 
3. 403.5 -0.433 -10.667 
4.402C 0.583 -11.840 
5. 402D 0.331 -13.206 
6. 399.lB 0.167 -15.460 
7.401B -0.193 -11.176 
8. 400.7 -0.151 -11.301 
9. 398A 0.310 -14.770 
G. Fenestral spars 
1. 402C 0.681 -11.228 
2. 402D 0.320 -12.382 
3. 399.lB 0.402 -11.250 
4.5B 0.233 -11.790 
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Table 8.2- Oxygen and carbon isotopic compositions of deeper water stromatolitic 
limestone, the Pa Kae Formation. 
Sample No. ()13C'fooPDB () 1 BO'foo PDB 
I 
A. Marine cements 
1. 359.1 3.360 -4.833 
2. 359.1/2 2.261 -6.744 
3. 359.1/lB 2.355 -6.983 
B. Early diagenetic cements in voids & veins 
1. 359.l/2C 1.930 -3.957 
2. 359.l/26B 2.366 -7.220 
C. Late diagenetic cements in veins 
1. 359.1/03 2.156 -9.320 
2. 359.1/26 2.353 -6.638 
D.Micrite 
1. 359.1/0 3.937 -6.716 
2. 359.1 2.390 -9.241 
3. 359.1/0.3 2.400 -10.052 
4. 359 .1/0.9 2.285 -10.006 
5. 359.1/1 2.407 -9.848 
6. 359.1/3 2.451 -9.860 
1. 359.1n 2.380 -10.445 
8. 359.1/13 1.308 -8.272 
9. 359.1/24 1.824 -6.193 
10.359.1/26 2.859 -6.366 
11.359.1/46 1.324 -6.174 
12.359.1/46C 2.687 -3.095 
E.Calcareous mudstone :. 
1. 359.1/0 2.841 -6.001 
2. 359.1 2.063 -9.615 
3. 359.1/0.3 1.985 -10.551 
4. 359.1/0.313 2.272 -9.546 
5. 359.1/09 2.446 -9.649 
6. 359.1/3 2.111 -9.663 
7. 359.ln 2.382 -9.032 
8. 359.1/13 1.700 -8.326 
9. 359.1/24 .. - 1.886 -5.876 
10.359.1/26 2.541 -6.733 
173 
Table 8.3- Oxygen and carbon isotopic compositions of dolomites of various 
palaeoenvironments. 
Sample no. ()13C%oPDB ()1800100 PDB 
A.Dolomite with stromatolites 
' 
1. 396B2 2.163 -10.095 
2. 396C 0.146 -13.765 
3. TB 1.658 -8.380 
4.403 0.129 -9.401 
5. 403.2 0.631 -7.650 
6. 403.5 0.099 -9.654 
7. 402A 1.491 -9.691 
8. PN-L 0.771 -10.246 
9. PN-D 2.123 -7.147 
10. PN2-0 1.249 -10.564 
11. 399-L 0.435 -12.568 
12. 399-D 1.076 -10.649 
B.Dolomite with buildups 
1. 400-01 0.969 -6.216 
2. 400-02 0.277 -8.335 
3. 400A-D1 -0.281 -4.676 
4. 400.1-Di 0.748 -5.685 
5. 400.4-01 -0.777 -4.262 
6. 400.6B-01 -0.288 -6.429 
7. 400.7-S 1.543 -3.155 
C.Dolomite with Lagoon 
1. 401E-D -1.041 -9.401 
2. 401C-D -0.201 -9.484 
3.401F-O -1.171 -11.086 
4. G-0 -0.379 -9.006 
5. 70.6-D 0.271 -9.495 
6.404B -0.275 -8.689 
7. 4040-W -0.587 -7.662 
8.4040-D -0.231 -8.651 
9.404F 0.142 -11.386 
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Fig. 8.1 A. Comparison o:fdl8Q and ()13C of separate components from the shallow 
water limestones of the lower formation and deeper water limestones 
from the Pa Kae Formation, the Thung Song Group. 
B. Comparison of()l8Q and ()13C of shallow water limestones and 
dolomites. 
6 
175 
%0 to +2.1%oPDB. Late diagenetic cements in veins have (518Q values from -18.2%0 to 
-27.3%0 PDB and ol3C values from +0.1%o to -3.7%0 PDB. 
4. Microdolomites or early diagenetic dolomites have (518Q values from -7.1%0 
to -13.7%0 PDB and ol3C values from +2.1%o to -0.3%0 PDB. Microdolomites with 
lagoonal carbonates have ()18Q values -7 .6%0 to -11.3%0 PDB and o13C values +0.1 %0 
to +0.5%o PDB. Mesodolomites with buildup have ()18Q values from -3.1 %0 to -8.3%0 
PDB and ()13C values from+ 1.5%o to -0.7%0 PDB. Later diagenetic dolomites have 
(518Q values from -11.9%0 to -16.7%0 PDB and (513C from +0.7%o to -0.884%0 PDB 
as late diagenetic dolomites in veins have o180 values from -11.1%0 to -20.8%0 PDB 
and ol3C values from +0.4%0 to -0.6%0 PDB. 
The heaviest ()18Q composition of these separate marine components of the 
peritidal or shallow water limestones (Fig. 8.lA) from the Malaka Formation up to the 
Rung Nok Formation is about 3.3%o PDB lighter than those of the deeper water 
stromatolitic limestones from the Pa Kae Formation, reflecting the temperature 
difference at the two main sites of deposition of the Thung Song Group. Formational 
temperature of the Pa Kae Formation is much lower than the lower formations. The 
heaviest ol3C of the shallow water limestones is about 2.6%o PDB lighter than the 
heaviest carbon isotope composition of deeper water limestones, indicating 
biochemical fractionation within the deeper water stromatolites from the Pa Kae 
Formation. 
The photosynthesis process of micro-organisms preferentially uptakes light 
carbon (12C) from the system as the heavy carbon (13C) is retained in the surface 
reservoir as dissoluble bicarbonates in sea water (Schidlowski, 1988). Subsequently, 
the enrichment of heavy carbon in sea water results in precipitation of carbonates with 
heavy ol3C as those of the Pa Kae Formation. The wide range of ()18Q of the shallow 
water limestones (Fig. 8.1) suggests gradual diagenetic alteration of the rocks with 
increasing temperature from an early diagenetic stage to deep burial. 
The oxygen isotopic composition of microdolomites is about 4%o heavier than 
oxygen isotopic composition of shallow water carbonate precursors (Fig. 8. lB). An 
Ql8 enrichment of 4%o as observed in the Thung Song microdolomites is similar to 
iil8Q of many ancient carbonates (Land, 1980). 
8.2 Isotopic Comparison Between the Thung Song Group and 
Worldwide Ordovician Carbonates 
The comparison between (Jl8Q and ()BC values of T_hai carbonates, the Thung 
Song Group, Thailand with worldwide and Gordon Limestone, Tasmania is illustrated 
in Fig. 8.2. 
176 
The wide range (-3.9 to -27.3%0 PDB) and mode (-9 to -11%0 PDB) of ()18Q in 
calcite of Thailand are much different from and lighter than those in the Tasmania 
calcite (Rao and Wang, 1989) and worldwide Ordovician calcite (Veizer and Hoefs, 
1976). The ol3C values of calcite from Thailand, Tasmania and worldwide are similar. 
The calcite from Thailand and worldwide have the same mode of ol3C (0 to +2%0 
PDB) but the mode of Tasmanian calcite (0 to -2%o PDB) is lower. In addition, the 
ol3C values in calcite from worldwide are the heaviest. 
The range of ()18Q in Thai dolomite (-7.6%0 to -20.8%0 PDB) is also the widest. 
Those of Tasmania range from -3%o to -6.8%0 and of worldwide dolomite is 0%0 to -11 
%0 PDB. The mode of ()18Q in Thai dolomite (-9%o to -11 %0 PDB) is lighter than mode 
of Tasmania dolomite (-3%o to -5%o PDB). On the contrary, the range of ol3C in 
worldwide dolomite (-4%o to -9%o PDB) is the widest as the mode of Thai dolomite (0 
%0 to +2%0 PDB) is the heaviest. 
The wide range of ()180 in Thai calcite and dolomite are considered to undergo 
diagenetic alteration longer than Tasmanian and worldwide carbonates with more 
alteration from temperature fractionation. The calcite values lighter than -13%0 PDB 
and dolomite values lighter than -10.5%0 PDB might be due to deeper burial 
diagenesis. 
Allochems: The ol3C values of allochemical particles in the Thung Song Group 
(Fig. 8.3A) are at the lower end of the spectrum for values obtained from Recent 
marine sediments and skeletals in Recent shallow warm and cold water carbonates as 
well as Ordovician carbonates in Tasmania but are distinctively lower than those of 
ooids in eastern USA continental shelf. 
In contrast, the 8180 values of the limestone are remarkably lower than those of 
Recent sediments and Ordovician limestone (James and Choquette, 1983; Rao and 
Green, 1983; Rao and Wang, 1990) suggesting significant diagenetic alteration of the 
Thung Song's allochems. 
Cements: In comparison (Fig. 8.3B) with the recent cements (Al-Aassam and 
Veizer, 1986), Ordovician spars in the Gordon Limestone, Tasmania (Wang and Rao, 
1989), and Ordovician cements from Nevada (Ross et al., 1975), the ()18Q values of 
marine cements in the Thung Song Group are lighter than those in Recent carbonates 
and the Gordon Limestone but fall within the same range as those of Middle 
Ordovician marine cements from Nevada. These variations probably resulted from a 
global "greenhouse mode" which caused the Ordovician atmosphere to be hotter than 
in the Recent (James and Choquette, 1983). Fenestral spar and spar in veins have ()180 
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Fig. 8.2 Comparison histogram of dolomite and calcite from the Thung Song Group 
with those of worldwide Ordovician and Tasmanian calcite and dolomite 
(Veizer and Hoefs, 1976; Rao, 1989). 
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Fig. 8.3 A. Comparison of a1so and ()13C of fauna, oolites within the Thung Song 
Group, Thailand, with those in Recent warm-marine (James and Choquette, 1983), 
cold-marine and Ordovician warm-marine (Rao and Green, 1983; Rao and 
\Vang,1990). 
B. Comparison of ()18o and ()13C of marine calcite cements, fenestral 
spars, early and late diagenetic cements, and late diagenetic cements, the Thung Song 
Group, with those in Recent aragonite and high-¥g calcite, Ordovician calcite cements 
from Tasmania (Rao and Wang, 1990) and Nevada (Ross et al., 1975). 
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values much lighter than those from Tasmania and marine cements in the Gordon 
Limestone and Nevada Limestone. 
However, the 813C values are similar to those of Nevada marine cements and are 
within the range of the Gordon Limestone but are slightly lighter than 813C values of 
Recent cements. The isotopic composition of late diagenetic cements in veins is 
distinctively depleted in both 818Q and 813C because of burial before temperature 
fractionation. 
Dolomites: In general, the oxygen and carbon isotopic signature of the Thung Song 
dolomites can be subdivided into three groups: dolomite with buildup, dolomite with 
lagoon, and dolomite with stromatolites (Fig. 8.4A, Table 8.3). All of them have 818Q 
values much lighter than those of the Recent and Pleistocene dolomites. These 
variations can be explained as a result of diagenetic alteration and re-equilibrium 
(Dickson and Coleman, 1980). 
The 818Q values of dolomites with carbonate buildup from the fourth member of 
the Rung Nok Formation are the heaviest of the ranges studied and their field mostly 
overlaps with that of the Ordovician-Silurian Nevada dolomites (Dunham and Olson, 
1980) and the Ordovician Tasmanian dolomites (Rao and Wang, 1990). The 818Q 
values of dolomites with stromatolites from the Malaka Formation, La Nga Formation, 
and Pa Nan Formation and dolomites with lagoon from the lower member of the Lae 
Tong Formation are similar but lighter than those of dolomites with buildups 
suggesting dolomitization from different formational fluids with lighter isotopic 
composition than that of the Rung Nok Formation, possibly mixed-marine origin. 
8.3 Isotopic Composition of the Ordovician Marine Value, Water 
Temperature and Possible Palaeolatitude 
The isotopic composition of sea water is one of the most important original 
factors controlling the isotopic signature in sedimentary carbonates and provides a 
reference for isotopic assessment. It has long been observed that the o18Q of marine 
carbonates tend to decrease with increasing geologic age (Veizer and Hoef, 1976; 
Anderson- and Arthur, 1983). Two contrasting hypotheses have been developed to 
explain this isotopic variation with respect to sea water: 
1. The 818Q variation reflects meteoric or burial diagenesis, and sea water 
temperature of the past was higher than present (Degens and Epstein, 1962; Knauth 
and Epstein, 1976) and aw value of sea water through time. 
2. The 818Q composition of ancient sea water is changed through time. 
The latter is more accept?-ble (James and Choquette, 1983). 
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The isotopic composition of ancient sea water can only be inferred indirectly 
from evidence in the geologic record. It is estimated from the heaviest value of 
unaltered marine carbonate components. In the Thung Song carbonates, the heaviest 
()180 value of all components in shallow marine limestones is that of marine cements 
from carbonate buildups (-7.2%0 PDB, Fig. 8.lA, 8.3B). This -7.2%0 value is 
considered here as the ()180 value of the Lower Ordovician original marine value of 
Thailand. It is about 2.6 %0 lighter than the Late Ordovician marine value of Tasmania 
(-4.6%0, Rao and Wang, 1990) and only 0.4 %0 lighter than the Middle Ordovician 
marine value of Nevada, USA (-6.9%0, Ross et al., 1975). 
The decreasing ol80 Ordovician marine values from Tasmania to Nevada and 
Thailand should be reflected the difference in palaeogeographic position of those 
microcontinents since the temperature and latitude are the major factors controlling the 
oxygen isotopic composition. The greater the distance away from the Equator, the 
heavier the ol80 values are. 
The Tasmanian carbonates formed at a palaeolatitude of .about 10°N (Embleton, 
1973) indicating the tropical zone as well as the Nevada carbonates which formed at 10 
0 S (Rao and Wang, 1990). Thus, the Thung Song Group should have formed closer 
to the Equator than those carbonates at the time of carbonate buildups (the Rung Nok 
Formation) deposition during the Middle to Late Arenig. Moreover, the lighter 0180 of 
the Thailand Ordovician marine carbonates by 0.4%o compared to those of the Nevada 
marine value may suggest that the Thung Song carbonates formed in marine 
temperature about 2°C higher than the Ordovician limestone of Nevada. 
8.4 Calcite-Dolomite Fractionation 
The ol8Q and ol3C values of the co-existing calcites and dolomites obtained 
from a sequential analysis are plotte~ in Fig. 8.4B to understand calcite-dolomite 
fractionation. For almost all samples, dolomites are enriched in 8180 and ol3C 
relative to calcite. The higher the isotopic values of associated calcites, the heavier the 
dolomite isotope values are observed. Rao and Wang (1990) interpreted this 
phenomenon as the inheritance of isotopes from the original calcites. The similarity of 
slopes of the connecting line between calcite and dol?mite pairs also indicate both 
isotopic inheritance from calcite precursors and variable composition of dolomitizing 
fluids. In addition, the co-existing calcites vary widely in ~18Q (-10 to -18.6%0) and 
()13C ( + 1.3 to -0.9%0) suggesting that the calcium carbonate precursors had variable 
original values of isotopic composition (Rao and Wang, 1990). 
On average, the dolomites from Thailand are enriched in ()18Q by about 3.0%o 
(til8Q) and 0.3%o in ol3C (til3C). The ti13Q values of the Thai dolomites are lower 
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A. Comparison of aiso and aBc of dolomites, the Thung Song Group, 
Thailand, with those in Holocene and Pleistocene dolomite (Choquette 
and Steinen, 1980), Ordovician dolomites from Tasmania (Rao and 
Wang, 1990) and Ordovician-Silurian dolomites of Nevada (Dunham and 
Olson, 1980). 
B. Sequential analyses of aiso and a13C in calcite and dolomite, the Thung 
Song Group, Thailand. The line joining calcite and dolomite are isotopic 
values obtained for these minerals in the same samples. 
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than those from the experimental data extrapolated from high temperatures to 25°C by 
Sheppard and Schwarcz (1970). However, they are very close to the values of the 
Holocene marine dolomites from Baffin Bay and hypersaline dolomites from Persian 
Gulf which are enriched in o18Q from +2 to +3%0 relative to their carbonate precursors 
(Land, 1980). The ()18Q fractionation between dolomite and solution bicarbonate ion is 
normally as small as 0.8%0 (Wigley et al., 1978; Rao, 1990). 
The Thai dolomites with ()18Q values heavier than -4%o are regarded as marine 
dolomites and those falling within the range of -4.1 to -6.1 %0 are interpreted as mixed-
marine to burial dolomites. The dolomites with o18Q values lighter than -6.1%0 are 
interpreted as later to late diagenetic dolomites. Most of ol8Q values from sequential 
analyses are in the range of the latter (Fig. 8.4B). In addition, similar trends of 
decreasing ()18Q and ol3C values in the majority of the Thai dolomites possibly 
indicates that the original carbonates had undergone marine to meteoric and burial 
diagenesis while the dolomitization proceeded. 
Chapter9 
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The Thung Song Group in Satun Province, southern Thailand, is a 1,400 m 
thick sequence of tropical carbonates and minor shales. Th~ sequence ranges from 
Late Tremadoc to Ashgill. This group can be subdivided into at least 7 conformable 
rock units as follows: the Malaka Formation, Talo Dang Formation, La Nga 
Formation, Pa Nan Formation, Lae Tong Formation , Rung Nok Formation,and Pa 
Kae Formation. The Pa Kae formation has been proposed as the uppermost rock unit 
of the Thung Song Group in southern Thailand (Wongwanich et qL, 1990). These 
formations conformably overlie the red siliciclastic, Tarutao Group (Upper Cambrian-
Tremadoc) on Ko Tarutao, and is conformably overlain by a sequence of chert, black 
shale and siltstone of the Wang Tong Formation (Lower to Upper Silurian) on 
mainland Satun Province. The Ordovician-Silurian boundary has been placed in the 
lower part of the Wang Tong Formation 20 m above the Pa Kae Formation. 
Based on the absence of extensive carbonate buildups and reef complexes, the 
Thung Song carbonates are proposed as a homoclinal ramp carbonate complex with 
marine-shelf and lagoonal deposition resembling the modern Persian Gulf. As a result 
of a long term transgression during the Late Tremadoc to Late Arenig, deepening-
upward sequence is a general characteristic of the Thung Song carbonates. The 
sequence starts from shallow subtidal to supratidal deposits of the Malaka Formation to 
restricted shallow lagoonal deposits of the Talo Dang Formation, migrating barrier 
island deposits of the La Nga Formation, shallow subtidal stromatolitic reefs of the Pa 
Nan Formation, deeper-water lagoonal deposits of the Lae Tong Formation, carbonate 
buildups and barrier reefs of the Rung Nok Formation, and end up with the deep water 
stromatolites of the Pa Kae Formation. The rocks pass upwards to the black graptolitic 
shales and cherts of the Wang Tong Formation. 
The extensive tidal flat facies of the Malaka Formation are represented by the 
extensive deposition of stromatolitic laminites with mud cracks, flat pebble 
conglomerates as lag deposits, and cross bedded oolites in tidal-channel subfacies. 
Microdolomite is very extensive occurring as laminites, thin bedding, and replacing 
sediments in mud cracks. The intercalation of nodular limestone and variegated shale in 
the Talo Dang Formation and Lae Tong Formation represents lagoonal deposition. 
These two formations were deposited in lagoons behind barrier islands and outer ramp 
buildups. Shoaling in a broad lagoon and migrating barrier islands are suggested by · 
abundant oolites, a complex network of trough cross-bedding with common 
reactivation surfaces, scoured bases, and escape burrows in the lower La Nga 
Formation. The development of carbonate buildups on the outer ramp is represented by 
·184 
" 
a thick sequence of poorly washed to unsorted biosparites of the first and second 
members in the Rung Nok Formation. Coral-algal-stromatoporoid biolithite and 
breccias of the third member represents local barrier reefs. The distribution of these 
microfacies is localized to only three small islands, SW. Ko Tarutao. Reef growth was 
initiated by increasing rate of the carbonate production of frame-builder organisms 
including simple tabulate corals, globular bryozoans, and stromatoporoids ; and a 
deposition of these faunal skeletons (Read, 1980) and other encrusting organisms 
such as stromatolites, calcareous algae on the gradually submerging carbonate ramp. 
The development of buildups on the outer ramp during the Ordovician transgression 
resulted in the formation of restricted lagoons (the Lae Tong Formation) landward and 
deeper water stromatolites (the Pa Kae Formation) seaward. 
Common small-scale shallowing-upward sequences within the Thung Song 
Group, such as those of the upper La Nga member and the Talo Dang Formation, 
resulted from a combination of gentle subsidence and sea level fluctuation (Ginsburg, 
1971; James, 1984). Wet and dry palaeoclimates are envisaged since evaporite 
pseudomorphs occur in nearly all formations except the Rung Nok and Pa Kae 
Formations. Evaporites are not abundant enough to suggest long term arid climates 
such as those of the modem Persian Gulf. Storm events were common as suggested 
by abundant marine tempestites in the Lae Tong Formation 
The Thung Song Group has experienced many stages of diagenesis including 
early marine, early to late meteoric, burial diagenesis, and dolomitization. 
Early marine diagenesis in peritidal carbonates is not clear, especially in the 
supratidal to intertidal zone. In the subtidal, high-Mg calcites (HMC) reduced much of 
the primary porosities within the stromatolites of the Pa Nan Formation, whereas their 
fenestral porosities subsequently filled by internal sediments and blocky cements. 
Some small radial stubby bladed cement (HMC) in intertidal sediments of the Malaka 
Formation and La Nga Formation are probably of marine origin and were later 
redeposited on a tidal flat by wave action. Marine cementation in lagoon carbonates is 
rare because of the restricted nature of lagoonal water circulation. However, early 
cementation of micritic nodular limestones has been presented. In contrast, intense 
marine cementation occurred in carbonate buildups and this filled up nearly all 
interparticle and intraparticle porosities by HMC bladed to fibrous isopachous cements 
and syntaxial rims. Radiaxial cements are also common and usually occurred as a first 
cement within channel porosities. Marine cementation in deeper water stromatolites is 
relatively less extensive than those of carbonate buildups because of low porosity and 
weaker circulation. However, micrite and microspar cements are extensive. 
The early to late meteoric cementation is common in intertidal sediments. Equant 
cements (LMC) are present in all primary pore types and microfacies. Meniscus 
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cements are common but pendant cements are rare indicating poo~ preservation of the 
vadose meteoric zone in the Thung Song Group. Mixed-marine microdolomites and 
gypsum pseudomorphs are also widely distributed in this intertidal deposit. 
Dissolution and reprecipitation of semistable minerals occurred mainly in a meteoric 
phreatic zone as shown by blocky spars infilling moldic porosities and the preservation 
of micritic rims. 
Burial diagenesis in intertidal, shallow and deeper marine carbonates are very 
similar. All of the remaining porosities and fracture porosities were destroyed by 
blocky calcite, xenotopic dolomite cements, and the second generation of syntaxial 
rims. Physical compaction has been observed mostly in lagoonal carbonates. 
Extensive dolomitization in the upper portion of the Rung Nok Formation predated 
I 
stylolitization. Stylolites are abundant in the Thung Song Group and include both 
tectostylolites and diagenetic stylolites. Dedolomitization may have occurred late after 
uplift of the carbonate ramp. 
Under cathodoluminescence, marine cements from carbonate buildups and from 
deeper water stromatolites generally display a compositional zonation from early non-
luminescent cement to bright-luminescent cement and dull-luminescent cement 
indicating the change of pore fluids from oxidizing marine waters to more reducing 
fluids after burial. However, many of the intertidal and lagoonal cements have a 
zonation from bright- to dull-luminescence or reversed order suggesting that most of 
them formed under reducing marine or mixed marine water. This possibly resulted 
from restriction in a lagoon and the decomposition of organic matter in these areas. The 
abundant pyrite crystals in intertidal and lagoonal carbonates and the widespread 
stromatolites in intertidal deposits also support this interpretation. 
The oxygen isotopic composition of the Thung Song carbonates can be 
subdivided into four groups. The ()18o values of marine limestone in deeper water 
stromatolites and carbonate buildups are heavier than those of intertidal limestones and 
burial cement respectively. The al So values of deeper water stromatolites are the 
heaviest and the a I So values of burial cement, the lightest. The progressive decrease 
in isotopic composition of the Thung Song Group compared to modem tropical 
carbonates primarily reflects increasing temperature of the pore fluids as diagenesis 
proceeded. 
The CJ l 80 values of the Thung Song dolomites in buildups are heavier than those 
of the intertidal stromatolites and lagoonal sediments but a13c values fall within the 
same range. The a13c values of dolomites with stromatolites are heavier than ()13C 
values of lagoonal dolomites. The Thung Song dolomites formed in marine and mixed-
waters as the ()18o and a13c field of dolomite overlap the marine calcite diagenetic 
field and extend up to the meteoric calcite diagenetic field. However, they were altered 
after burial by temperature fractionation or diagenetic alteration and re-equilibration. 
The oxygen isotopic compositions of the Thung Song Group are much lighter 
than those of modem and Pleistocene dolomites as well as that of the Late Ordovician 
limestone from Tasmania and the Middle Ordovician of Nevada probably because of 
the "greenhouse depositional mode" and the lighter Ordovician also marine value. 
The al So of the Early-Middle(?) Ordovician marine value (from buildup marine 
cements) of Thailand is -7.2%0 which is lighter by 0.4o/oo than alSo of the Middle 
Ordovician marine value of Nevada. This indicates that the Ordovician marine water in 
Thailand was about 2°C warmer than Nevada. Therefore Thai Ordovician carbonates 
formed in a tropical climate probably at a lower latitude than Nevada limestones. 
The further research should be concentrated on the Phetra Formation to fulfill 
the gap between the lower and the upper formation. 
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